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SyYNopsis_ 
icrete rigid frame is subjected to two types of te 


from long-range, or seasonal, rature unges, 


sult ting from the radiant | heat of the a 
de etermining stresses caused by seasonal temperature ¢ changes 
been well established, although ‘designers: differ in opinion as s to t 


poernne of these changes. — #3 The purpose of this paper is to present a an analyti 


motos of finding the moments at the knee and crown of a reinforced- concrete ; 


“rigid frame subjected to the second type of temperature ee: that 


- caused by radiant heat from the syn . In order to present num 


tions for for a structure of | known cross ‘section, a two- wo-span ‘Tigic id sa highw yay : 


bridge, 1 previously designed. for H- 20 loading, was as used. dA rigid frame was 


— selected because of the i increasing popularity of this type of of structure for rail-— 


Analysis shows that the radiant-heat moment « at the crown ¢ of the specific 
frame used is is equal to 35.5% of the: maximum im design moment. This moment 


is reduced somewhat because the deck is probably elongating due to the rise 
in seasonal temperature on the days when radiant heat causes the greatest 
effect. - Main longitudinal steel in the “— for the purpose of resisting the 


effects of a seasonal temperature drop is also available for the radiant- heat 


stresses, 

ans 1% t 


igid frames. built as a feature of superhighway grade. ‘separation. 
t quently, the secondary effects of temperature will become more important in 


= Norr.—Written comments are invited for immediate publication; to insure publication the last dis- 
should be submitted by November 


| Univ. of Minnesota, Eng. Station, Minneapolis, Minn, 
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— RADIANT HI HEAT 
their’ the spans ~Many designers now 
- include i in their design o of reinforced-concrete rigid fi frames the emnemadh effects 

of temperature change, shrinkage, and settlement of footings. 
present temperature specifications, whenever used in. the of 

indeterminate structures, refer to the axial strains caused by long- -range or 

seasonal temperature v: variation. These unit: strains, although not necessarily 

uniformly distributed over a cross section, will be ‘symmetrical about: the neu- 


tral axis as —_ as the difference i in air ee ature causes the s strains. ~ Hence, 


Ww ell established, but responsible for desis among 
the various states differ in opinion as to the - importance of these changes. 
(Questionnaire data collected by Pletta, and loaned to the writer, , show 

> Pa to be true among state highw ay departments. “) ‘This difference of opinion 

‘is not. surprising in view of the many v variables | present in ‘temperature design. 
“aa For example, some designers rely on low allow able unit stress for the primary 


loads: te safety | from secondary effects. They also realize 


that any strains due to extreme temperature changes during the early period of . 


structure are “modified by plastic flow. The data collected by Captain 
Pletta? s showed that most of the states having mild climates, with a small mean 


~ temperature difference between Js anuary and July, either disr egarded tempera- 
a ture changes o or provided very little plus and minus temperature change from 


‘some mean value. As an exception to this, some of the states with ‘mild 
climates” provided nearly twice the plus and minus temperature change of 
‘states having much greater mean temperature difference between January 


Loe Closely a allied \ with seasonal temperature changes i is the effect of radiant heat 
on rigid frames. This} paper w sill be limited to the analysis of stresses caused by 
radiant heat not only t to illustrate a method of analyzing a more complex : ty pe 
rature change, but to emphasize the need for more uniform seasonal 
temperature specifications ir in the milder states” w here radiant heat: has it its 
greatest effect, 


ad Some work already has been done in Europe on variable temperature change 
in ‘rigid frames,*:4 | but, as far as the w riter knows, this is the first time such a 
- method has been offered for publication in the United States. _ According to 


= made by the Swiss Government or on fifty reinforced- J-eonerete rigid fr frames 
= built between 1924 and 1927, variable temperature change has no damaging 


: effects on fre frames properly designed : and built, even though vari variable temperature 


change was s neglected i in the 

Differential strain, “most frequently, caused by 1 radiant heat 


2 “*Notes on Existing Rigid Frames in the United States,”’ by D. H. Pletta, Journal, A. C. i. March- 
_ 8**Die Neuern Methoden der Festigkeitslehre und der Statik der Baukonst kti 

Mueller- Breslau, 5 durchges aufl., A. Kroner, Leipzig, 1924. 


4**Ueber das Elastische Verhaulten von Kisenbetonrahmen w unter 
4 m by Adolf St.: Wittwer, 1932, 
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is relatively higher than that of the bottom ieee An experiment conducted — 
in 1941 and 1942 by the Minnesota State Highway Department*® showed that 
the surface temperature of: a concrete slab is sometimes raised 30° F above the 


air  tempereture of conducted i in states 


in Fig. 1. Ina 
frame, where the ends are 
restrained, this end en 
is subdued by the resisting 

moments at the knees, ¢ caus- 
ing fiber stresses in all 
members. Furthermore, the 


Ya. ROTATIONS IN THE Basic BEAM CausE 
BY THE HEAT OF RADIATION 


lear, hot 


1 ol in the temperature of any surface above the air temperature de: 

jain pends on many fac tors—suc th as the intensity of the sun, the angle betw een the 

ean surface and the sun, the quantity. of heat reflected back into the : air, the wind’ 
velocity, ¢ etc. A theoretical calculation of the surface temperature rise neces- 
sarily must. pares into account so many assumptions and variables that it would — 
not only be approximate but impracticable. Therefore, the > surface tempera-— 
tures used in the following analys sis are taken from actual readings | (original 
data) made on a comparable surface lace August 18 and 19, 1941, at t Minneapolis, 


y 
Procepure: AND TOOLS OF ANAL LYSIS 


- Stresses due to strain in a statically pares nate structure ean be in- 
vestige ated only by the analysis of a specific rigid frame structure 
with two s spans of 80 ft each, designed for an H-20 live loading, was selected. 
This particular selection was made because of the increasing popularity of this | 
type of structure for | grade-sep: -separation | projects and because it. was as relatively : 
7" since the magnitude of temperature s stresses increases with length. i 


Details of the frame are shown in Fig. 2. deck has been divided 


corn 
=> 


he general procedure for finding the at the on crown n due 
radiant heat is as follows: 


4 7 aa 1 . Find the distribution of the differential temperature strain on a cross 
section of | the deck (a method for doing this is presented under the e heading, 


‘Temperature and Moisture Variations in Concrete Pavements,” 
Dept. of Highways, Div. of Materials and Research, 1941-1942. ait 


 &*Heat Transmission Through Insulation as Affected by Orientation ¢ of rll,” ” by Frank B. 
and C. E. Lund, Technical Paper ! No. 44, Univ. of Minnesota Eng. Experiment | 


> 
ers 795 
ow 
or 
rily surface temperatures. difference in temperature tends to elongate the 
eu- — upper fibers and cause the deck to bulge upward. — In the basic, or simply “Se 
ce, tions at the supports as = 
ong ~~ 
ow | B 
| 
by 
) nal | i 
its a 
nge 
th a 
z to 
ture 
leck — 
arch- 
nrich 
4 
waer 
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2. Compute. the a angle change « caused by iaiitiiens strain for as om any 

sections as necessary to dev elop an angle-change loading equation for the 


Fia. 2.—DeEraILs OF THE RIGID UsEep IN THE NUMERICAL EXAMPLE 


. Load a l- ft increment of deck with | the angle change and eidegpae the 
nd rotations, as assuming the deck to be simply supported ted; 


. Load a 1-ft increment of deck with the JM diagram at find the end- 
“ro otation equation in terms of M/E I, assuming the deck to be simply supported; 
_ 5. Since there is no end rotation in a beam with fixed ends, equate steps 3 


and 4 to find the fixed-end moment M; and 


6. By the od of find or true moments in 


ON 


otation.—The letter sy symbols used in this paper con- 
7 form essentially to American Standard Letter Symbols 
for Heat and Thermodynamics Including Heat Flow 
(A8A—Z10. 4—1943), American Standard Letter Symbols" 


tm Mechanics of Solid Bodies (ASA—Z10. 3—1942), 
te and American Standard Letter Symbols for Mech: arses 
Structural Engineering and Testing Materials (ASA— | 


a Z10a— 1932)—each compiled by Committees of the Ameri-_ 


ty rel can Standards Association, with Society representation. — 
Distribution of Temperature Strains. on the 

Cross Section of the Rigid Frame Deck. —For this step, use 
ps is made of a method of tracing heat flow through | a solid 

body presented i in 1937 by R R. W. Carlson, 7 Assoc. 


Fia. 3. Soe. C. E. Mr. Carlson divides the “body into in- 
Prism Mernop oF TRac- d d t f it ti 1 h wh 
ino THE Ravtanr Temper dependen prisms ¢ of unit cross-sectiona area as sho 


Rise Turoven jn Fig. 3. This ‘method was “modified by the writer 


Mire. onl especially to analyze the problem of tracing temperature 


_ throughout the. depth of a slab if the quantity of heat q entering at the surface 


— Simple Method for the Computation o of Temperatures i in in Concrete Structures,” by Roy oy W. Carl- : 
son, Journal, A. I., November-December, 1937, pp. 89-102. 
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known.® Only the general features of Mr Varlson’s method are 
bo the 1 firet step, as the e development of this meti sod with subsequent numerical — 


considered to be the center of a volume of concrete extending halfway to each 
adjacent station. — Since the cross-sectional area of each prism is equal to unity, 


after the first eur of radiant heat at the Each ‘station is 
= volume of. the concrete (or prism) between each station is numerically 


pe is assumed that the heat flow is in one direction only and that the tem- 
peratures of the deck and the e air are » the same a at the beginning of the first 
hour ir of heat flow computations. The temperature change per hour at each | 
“station is equal to the average quantity of heat entering, and the average 
quantity of heat leaving, a volume during each hour. The quantity of heat a 
entering and leaving each station depends upon the heat amelie of each volume 


in British Thermal Units (Btu) and the conductivity of concrete in Btu per 


the rate of temperature pany is ver to —, in which k is the aileiaiaii: sad 


of concrete in Btu per hour per per degree Fahrenheit, c is the specific heat per 


unit of w eight, and p is the density of the concrete. For the numerical com- 
putations of heat flow through the slab ‘the term — was taken as 1.00 ft 


= 


ip ‘The temperature distribution was computed for sections 1, 5, and 9 (Fig. 2), 
results f for sections 1 and 9 being shown in Fig. 4. ~The hourly 


temperatures were taken from actual readings on a concrete surface ‘© The — 


_ 2. Angle Change Caused by Temperature Strain Distribution — 
- strain on a fiber of the cross section is taken as — to 


which 
use 
olid temperature. change c of each fiber in The semperature: dis 


- tribution shown in Fig. 4 will also represent the strain distribution multiplied - 
by 1/a. It can be seen from these curves that the temperature or strain 
_ distribution does not vary as a straight line. Furthermore, the strains are _ 
_ present only i in the first foot or so of the slab depth. | Angle-change computa- 7 _ 
_ tions are simplified with slight error error by : sceumeeation a straight-line strain 
distribution as shown by the heavy dashed line in Fig.4. | 


_ 
ae “The Effect of minis Stresses in a Reinforced Rigid Concrete Frame,” by Milan A. Johnston, __ 
thesis submitted to Univ. of Minnesota, Minneapolis, Minn., in 1942 in partial fulfilment of the requires F 
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Fig. g. 5(a) shows a single unrestrained | section with temperature strains 


col 
drawn in solid lines. x The adjoining + section is shown as a dashed line, having for 
been rotated to touch the top and the bottom of the unrestrained _ ‘section. tri: 
Te t 
em 
Variation Assumed for 


Angle-Change — 


ADS 


ead 


a 
2 


assuming that “‘a plane bending remains plane after itis 
Sy necessary to continue the movement of both surfaces until all the boundaries | 


- meet between top and bottom of the section. This has been done in Fig. 5(b). 


train, €=Qty 


on aise The final position of the dashed line in Fig. 5(b) must be such that the suet, 


mation of the horizontal forces and moments on the section is zero (2H and 4 
IM = 0; and also assuming that stress is proportional to strain). he move 
ment « tof the surfaces to their final al position (dashed | line in Fig. 5(6)) will produce 


— 
erature, in Degrees Fahrenheit, or Strain Times — 
84 
— 
— 
— 
= 
i 
4 
= 
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) ‘compressive forces C; and C, and a tensile force 7;. Since an algebraic solution 
_ for the final position of the section yields cumbersome equations, a semigraphic | 


Z trial solution i is used. _ This method is shown in Table 1, numerical computation 


PHIC. AL 


— 


Strain (Expansion Strain Positive) 
SECTION 1° SECTION 


Computation H | Arm Moment Computation 7 Arm 


TR 


—4.49 | 4.29 
“2.00 | 3.52 
| 2:69 
18 | 0.42 


gre 09 — bass 
=M = 4822-5. 


<5 


Mw 


Sreconp TRIALS 


1.68 


1.28 4.69 


0.217) —0.34 


2.14 


Sa 


0.62 X0.5 


0.65" 


—68U nsatisfactory i in the first trials but satisfactory in the second trials. = ‘in the » ‘seco’ 


Assuming the coefficient of thermal expansion of concrete a = 


: the angle change at the, center line of section 1 of the rigid frame (see Fig. 2) is 
1= 


“BA7ft x 12in. 0.000002 radian; and the angle at section 


dy x 12in. 0.0000042 radian. the angle change at 
1,65 ft X 12 in. 


_ Section 5 is found to be ¢; = 0.0000035 radian. — 


—....1... 
Zi —6. a 


ers 

. 

on. 

TABLE TriaL SoLuTION FoR ANGLE CHANGES AT 

X0.69X0.5 ~19.25| 11.8x0.40x0.5 | -2.36]2.17 | —5.13° 

8.5 X0.47 X0.5 7.04 X0.30X0.5 | 1.36 | 1.70 

8.5 X2.10 X0.5 24.00 9.1 X0.5 4.73}125| 5.91 

5.0 X1.27 X0.5 0.19 | -0.25 

= +31.04—-20.59 | .... | $2,840 

=| —5.54 | 4.27 | -23.60] 

Il 7:40.39 5.05) 

5.0 X1.36 X0 —3.40 | 

| ZH=—8.94+8.! —0.06¢ 

(643 

nd 

ve 


a Sepestion of these three sections shows that the angle change varies in- 
J -_versely as the depth of the section. For example, s section 9 has an angle change 
approximately twice that of section 1 and its depth i is one half of section 1. 
"Similarly, section 5 has an angle change equal to 1.67 that of section 1, and its 
w depth i is equal to 0.606 times the depth of section 1. a oe ea 
“Since: the thickness of the deck (see Fig. 2) conforms with the parabolic 


=a constant found from known boundary conditions = 310), 
follows that the angle-change 
loading i in this case is also ) para 


bolic. _ The angle- change load- 


Step 3. Computation of End | 


- IG. 0.—ANGLE-UHANGE LOADING OF EC 


in 1 which R, = = the elastic reaction wal the angle- change fenton, . 


4. Computation of End Rotation of Basic Beam Loaded with 


F gram. tie in beams with fixed ends there can be no end rotation, it is neces- 
sary to apply moments at each end of the beam large enough to rotate the 
tangents back through the angles 64 and Op. - Since 64 is equal to On, the 
plied moments are equal. In this step, 04 = 0s equals the elastic reactions — 


of a beam loaded with the - Ey OF 


in which As = the length of each | duck! divvidien for use in the summation = 60. 


in. The summation equation (Kq. 5) is necessary since the moment of inertia 
of the deck is } net constant. The moment of inertia of each segment /, is” 


7 ad in which b is assumed to be a transverse 12-in. ; strip of on deck; d’ is the total 
depth of the section; A, is the cross-section area of the ‘steel ‘einforeement 7 


nn = = = the ratio of the modili of elasticity ; and d, is the distance betw een 


— 
= 
80000 | 
com 

— (in which a 

ing tor the deck is shown 
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compression and tension m steel, assuming neutral axis of section halfway a 
twe een steel bars. Values of the Tatio for use in Eq. 5, are: 


— 
1,000 000 of 


Equating Steps 8 and 4 to Find Fixed-End Moment. —Combinin 


000 = = 773 $1; 


If = 0.000002 = 2 x 10°, the fixed moment 


for the deck is 450,000 in-lb. 


ae 00105 

«Step Distribution of Fixed- 35. 35.2% 35.2% 
4 End M oments.—In this step the B +450 


Hardy Cross method of moment Carry-Over 0.71 29 16% 
distribution is used to find the 

‘final moments sat th the ends of the 

of each span, the stiffness 


cand carry- -over factors for the 
beams of "varying moments of 7.—F1xEep-END Moments REapy FoR DISTRIBU- 


‘TION, SHowIne StrrFNEss Factors AND 


Carry-OVER Factors" 

7 in span BC, ig. 7 (symmetrical about the center line) are: 


Inch- kips. . 


‘inertia being as shown in Fig. 7.9 


Counterclockwise 


“The x moment at the crown of span BC i is the average of the end moments, or 
; knee moments, plus the thrust at end B, multiplied by its arm to the center 


of ‘Rigid Frame Concrete e Bridges, Portland Cement Assn., 11th Ed., , 1936. 
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Interpretation or REsuLts 

‘The moments Msc and at the ends of the caused radiant 
heat, act in a 1 a direction opposite to the primary ' dead- load moments and live e- 


load moments. Therefore, radiant heat causes no serious effects at these 


points. At the crown, however, the radiant- heat moment of 39, 520 ft-lb acts 


in the same direction as the primary moments. 4 The design moment at the 


crown for this frame included the the following moments: 
Deseription pounds 


. For this frame the radiant-heat moment at the crown equals —~ 100 i 
or 57.5% of the e primary moments, and <= x 100 or 35.5% of the total F 


design moment. represents a of considerable magnitude, and 
one which would necessitate the provision | of additional steel were it not for 

the « compensating seasonal temperature changes. . The following relationships 
exist betw een th these siege tani changes ai and ‘the theoretical radiant- heat moment: : 
@ The maximum design” ‘moment at the crow wn includes: the effect of a a 
‘45° -F drop in temperature; and (b) the remaining 56% of the radiant- heat 


“moment and its corresponding fiber stress effect are further reduced by a 


seasonal temperature re rise. Wal 


(a) Effect of a 45° F Drop in Temperature— —The maximum | design moment. 
7. at the crown includes the effect of a 45° F * drop i in temperature. Accordingly, 


“ment which ‘would occur on the days when the effect. a heat is 


"greatest. — ‘This material would be available for 39.520 * 100 or 44% of the 
3 Effect ofa a Seasonal Temperature 56% of 


radiant-heat moment and its corresponding | fiber stress effect are ‘further Te- 

_ _ duced by a seasonal temperature rise. On the days when the radiant heat 
a eases the greatest strains, the deck is probably ‘elongating due to the rise in 
; seasonal temperature. . In addition, the axial strains in the deck, due to the A 

4 


radiant heat and axial elongation counteract each other. Exactly how much 
_ the remaining 56% or 22, ,000 ft-lb is reduced i is difficult to evaluate since ra-_ 


= heat itself, increase the length of the deck somewhat. The effects of 
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small amount, on certain ba 4 to an amount corresponding to the maximum 
seasonal temperature. rise. In this particular design, if one of the radiant-heat, 


- eydes occurred on the same eday that the full seasonal elongation wa was ; effective, 


the reduction would be 17 120 ft-lt -lb. _ The axial elongation accompanying t the 
- radiant- heat strain distribution is also difficult to compute because there is is 
both el elongation an and contraction o of the cross een as shown i in n Fig. 5(6). 3 


The most. definite to provide for of vation of heat 
‘in a rigid frame i is to include in the maximum design moment ‘at the crown 
the moment due to a sizable seasonal temperature drop (—45° F or more for 


frames comparable i in length to the one just analyzed). This | should ing done 
in states with warm climates, Ww where radiant heat is likely 


made computing the heat flow through the to 
radiant, heat, ‘in this paper, are on the conservative side. For example, the 
heat was assumed to flow in one direction only—down nward into the slab. The 


effect that the main longitudinal steel may have on the temperature distribu- 


tion was not taken into account. Temperature and shrinkage steel at right. 


angles to the main longitudinal steel would also probably absorb some of 


lateral heat strain which surely exists. s. Practical measures, such as as expansion 

joints in the slab itself, w would relieve some of the ‘strain. However ever, the mag- 
nitude of the moments that were found with the assumptions made should 
indicate a need for further study and discussion of this type of temperature 


stress. Possibly more uniform 


Six conclusions se seem reasonable on the basis of this paper: | 


1. The miles heat ‘moments a at the knee sections of the rigid frame w ould | 

not affect the maximum combination of design moments as they act in a direc- 
4 ‘tion opposite to the dead-load and live-load moments. 

: 2 2. The radiant-heat moment at the crown of the particular frame analyzed 


in this paper is 8 equal to 35. 570 - the n maximum m design moment and acts in the 


3. If the maximum design moment at the crown ‘includes the moment 

caused by a a substantial seasonal temperature drop (45° F or: more from a mean 

Re alue) steel will be available for the radiant-heat stresses, as this sero 


w ill not coincide with maximum radiant heat. Material was present in 


F drop i in seasonal temperature 


wat Axial strains due to seasonal temperature rise and radiant heat itself 7 
Te _Teduce the effect of the radiant- heat moment, although it is — to ascer- 
. ain exactly how much on any given day or radiant-heat cy yele. 
ob ~The magnitude | of radiant-heat moment at the crown should Ww arrant ; 
serious consideration of seasonal temperature specifications, particularly 


‘: temperature drop, i in the design of long- span reinforced-concrete rigid frames. io 
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7 or writer, entitled ‘The Effect of Temperature Stresses in a Reinforced Rigid 

. Concrete Frame,” presented i in 1942 to the University of Minnesota, at Minne- 

apolis, in partial ‘fulfilment of the requirements. for the degree of Master of 
Science. _ Constructive criticism and guidance i in the preparation of the thesis 4 

were given . by Prof. C. A. Hughes, formerly of thes structural department at the 
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_ STRUCTURAL SKEW PLATES 
By F. L. JuN. AM. Soc.C. ment 


In the theory « of elasticity it is sometimes feasible by means of approximate 


methods to obtain analyses | of problems y w hich do > not | lend themselves 1 ny 
to exact treatment. This is 


far as the writer knows, have not been analyzed by — than approximate 


— in technical literature. ‘The object of this pap 
parison of results ‘acquired for certain skew plates tty n me 


methods involving finite differences, trigonometric series, gu power series. 


a Some ¢ siesta has been given by various investigators in the United 
States and abroad | to th the analysis and design of skew plates and slabs. In the | 
‘field of reinforced concrete these studies have been of considerable interest and 
practical importance, especially i in n the case of f highway bridge slabs that cross 
streams, railways, or other highwa ays below at an oblique angle. It is common 
knowledge that modern traffic and speed requirements in the United 
| the construetion of skew structures. Whereas bridge slabs" 
which tend to make the — 
‘deemed hahavies more complex, it is nevertheless of interest to ascertain the 
: manner in which the m more simple slabs perform. Structural engineers have 
- been studying the skew plate, simply s supported on 1 all four sides, the clamped 


skew plate, and skew slabs ‘simply supported on two sides with two free edges, 


a A skew plate or slab may be defined as one having the shape of a parallelo- 
gram which is is not a rectangle nor a square. vs Some engineers designate the 
rectangular or square plate as a plate \ with a skew angle of zero. In. any case, 
the term ‘degree of in this paper, is defined as the of distortion 


Asst. Engr., O. H. Ammann, Cons. Engr. New York, N. Y. 
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7 the e rectangular or square shape. This designation corresponds in general 
_ with the p practice and the technical literature pertaining to other types of skew | 
- structures. i As i in the case of skew arches,? the skew effect in plates depends 
7 upon the ratio of the lengths of sides as well as on the angle of skew. 


ss It was the purpose ¢ of the investigation upon which this paper was based to 
“4 study theoretically the ; structural action of skew plates simply supported on all 


four; sides, subjected to a uniformly distributed lateral load, and a clamped skew 

4 plate ‘similar ly loaded. In the course of these studies various systems of CO 
ordinates w ere used to determine | whether the skew boundaries would lend 

themselves to treatment more readily | by one system than by the others. is. 
ad to be observed, moreover, that, although the results reported herein pertain 

_ directly t 0 metal plates (Poisson’s ratio approximately | 0.3), they can be modi- 
_ fied easily to include other materials, such as concrete, ; in which case Poisson’ s 
may be varied from 0. 15 to 0.20. 
In this work simply supported skew plates \ were investigated | by the method 


of. ‘finite differences, by trigonometric series satisfying the plate equation 
throughout and the boundary ¢ conditions ms only at certain points, and by power 
4 clamped skew plate was tr treated by these methods. A prelimi- 
nary review was made of solutions for triangular plates with a. view to ascer- 
taining the effect. of the | density difference- e-equation net works and to de- 


” termining some measure of the accuracy to be expected for similar meshes i in 


he structural behavior of skew plates and slabs has been investigated 


mainly by the method of finite differences. |The ‘first publication on skew =, 
plates that has come to to the writer’ s attention a paper by Cecilia ‘Vittoria ! 


 Brigatti.* “Results ‘obtained by difference equations for uniformly 
loaded skew plates simply st suppor ‘ted and clamped, the sides being of the s: same 
length. _ The fundamental considerations in this work appear to be » open to 


Adolf Anzelius! has given some attention to a uniformly loaded skew plate, 
simply ‘supported on two opposite sides and free on the other two. «His solu- a : 


tion is in the form of series involving hyperbolic ‘and trigonometric nom § 


_ which yield an infinite system of linear equations. _ The method is : approximate — 
appears to be quite cumbersome. As in other ‘similarsapproaches, the 
_ accuracy of the method depends upon ‘the number of coefficients taken in the 

‘series. Mr. Anzelius gave, qualitatively, only twisting | moments a 45 


cafe summary of results obtained by difference equations for uniformly lo loaded 


skew slabs, in particular, with two opposite sides simply supported and the other — 


and Construction of a Skew Arch,” by S. C. Hollister, Proceedings, A.C.I., Vol. 


ae a del metodo di H. Marcus al caleolo della piastra parallelogrammica,” fad Cecilia Vit- 
‘toria Brigatti, Ricerche di Ingegneria, Vol. XVI, No. 2, March-April, 1938, p.42, 
€ 


4“Uber die parallelogrammférmiger Platten,’’ by Adolf. Der Bauin- 
Vol. 20, No.435-36, September, 1988, p. 478. 
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eral two edges free, has been abstracted from the doctoral work of Helmut Vogt’ a 
kew promulgated 1 in a paper® | by t the same author. Professor Vogt has given particu- 
de | lar attention to the arrangement of the suinieesmean in bridge slabs. Brief 
fo 4 mention was made of skew slabs simply ‘supported me four sides and uniformly 
1 all Og Studies of skew slabs by: means of differ ence equations have also been made 
kew Jensen,’ Soe. C. E. Uniformly loaded skew slabs simply 
‘co- — supported on four sides, and similarly loaded skew slabs simply supported | on 
end two opposite edges and free on the other two sides, wer were analyzed by use of 
It is ‘differ ence equations « dev eloped i in a form readily applicable to networks made 
tain up of lines parallel t to the sides, regardless of the degree of skew. In In these 
odi- fF slabs the ratio of the length of the long side to that of the short span was kept — 
on’s nearly constant and equal to a value of 2. 0. Poisson’ s ratio was taken to be 0.2. ~ 
_ mi Particular attention was given by Professor Jensen to a a simple-s -span slab bridge — = 
hod with» curbs and a 45° skew. he method of obtaining influence surfaces 
ion “means of difference equations as recommended by Nathan Newmark,’ Assoc. 
wer  M. Am. Soe. C. E., proved to be useful in these studies. — _ Also, Professor Jensen | 
mi- consider red the effectiveness of reinforcement fer arrangements of the 
cer- main transverse steel. 


Notation. —The letter symbols in this paper are identified in the text, or by 
diagram, Ww here they first appear and, for conv enience of are as- 


-sembled alphabetically i in the Appendix. 


Assumptions and Limitations—In the ordinary theory “several 


_ simplifying assumptions are made, , resulting i in concomitant limitations. As a 
matter of convenience the plate i is considered to be horizontal, a — 
elastic, isotropic, uniform in thickness, and subjected to lateral loads only. 
In addition to being uniform, the thickness must be small compared with the 
‘lateral: dimensions. The deflections and the energy of deformation in the 
r ‘medium- thick plate are not affected by the vertical stresses (tensions, compres- _ 
_ sions, and shears) as they are in the case of thick plates. L ikewise, the energy 
due to shortening and stretching of the middle surface may be neglected, 
3 which is tantamount to stating that the deflections are small relative to the 
tS thickness of the plate. — _ This work of deformation, naturally, must be considered — 
~ in the theory of thin plates i It is taken for granted, furthermore, that Hooke’s 
law applies to the horizontal strains. In the e theory of beams, it will be 


called, plane cross sections before bending a are assumed to semein: plane after. 

d bending. f Similarly, in the ordinary theory of plates, straight lines normal to 

middle of the plate before remain straight and normal after 


_ 5“*Beitrag zur Berechnung schiefwinkliger Platten, nebst Anwendung bei der Berechnung und Anord- 


- hung der Bewehrung schiefwinkliger Briickenbauwerke,”’ by Helmut Vogt, Dissertation, Technische 


Die Berechnung schiefwinkliger Platten und plattenartiger Briickensysteme,”” by ‘Helmut ‘Vogt, 
~ Beton und Eisen, Vol. 39, No. 17, September, 1940, pp. EN ee 


_ 7*Analyses of Skew Slabs,” by V. P. cael Bulletin No. 332, 
Station, rbana, IlL., 


Univ. of Illinois — Experiment 7 
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SKEW ‘PLATES 


- compressive stresses in the cross section of the beam, there follows in the c ease oe 
of the plate the postulation that horizontal unit stresses (tensions, ct compres- dis 
sions, , and shears) in vertical sections are distributed linearly. 
Fundamental Differential Equations. —The derivation | of the differential 
_ equations for the ordinary theory of plates in Cartesian coordinates has been &f 
given by various writers in the technical literature’: 9:10.11 and therefore will 


not be given this paper. It is pertinent, however, to outline the basic 


The bending and tw isting ‘moments in n the distorted plate (eee Fig. 1) are 


> 2 j 


Fi 1G. .—REcraNGuLAR ELEMENT OF A PLATE (THE Denncrtons ARE Posrrv E) 


in which w ) designates the deflection, , zu is Poisson’s ratio for the material, and 
N, the ‘flexural rigidity, is a function of the modulus of elasticity, E, of the 
= material , the plate thickness, h, and Poisson’ s ratio, as is manifested from th the 


M y dy)dx 


Bebe: “'"Theory of Plates and Shells,” by 8. Timoshenko, 1st Ed., McGraw-Hill Book Co., Inc., New York 


 9**An Introduction to the Theory of Elasticity f for Engineers and Physicists, Southwell, 
Oxford Univ. Press, 1936, p. 228. 
elastischen Platten,” by A. Nadai, Julius Springer, 1925, | p. 


1'Die Theorie elastischer Gewebe = ood Anwendung auf a Berechnung b biegsamer F Platten,” by 
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‘The insite equation for the flexure of plates sini by a uniformly 
distributed lateral load p may, be shown to be 


is the Laplace Eqs ‘Lit! is in the moment s sum 

‘The vertical are given by 


* 


F me shears and the twisting moments it is ern deduce the 


“Te reactions are defined in thewenie manner as the vertical shears. 
_ Polar Coordinates. —The differential equations for the > bending of plates 7 
may be readily | placed into polar form by | some simple transformations. . It 7 
“will be necessary later to use the concept of average curvature at a point of the 3 


distorted plate and, , consequently, it here. Curvatures in the 
plane and the ye-plane 


al ‘aw \ 


ers 9 
ase 
are 
— 
a 
) 
— 
1b) 
e 
Maximum stresses, occurring at the surface, are 
4 
— 
the 
ork 
well, 


Tespectiv vely. Tt can 1 be shown that at the same point the ; sum of the curva- 


+: in any two perpendicular. directions n and t is equal to the sum of Eqs. 10 


Ng | 
ed 


and are defined in a manner similar | to r, and ry. The invariant sum 


by Eq. 11 has been designated a as the “average curvy rvature of the plate’s 


r, 


parm 


(a) CARTESIAN. * POLAR 


to PoLaR Coorpinates: 


surface at a point. _ Transforms mation _— Cartesian to polar coordinates s (see 


ie 2) 2) yields the result 
| , Law 

+. (1 2a) 

By repetition of this operation it is possible to obtain the the Lagrange plate equa-— 


tion in the form 


-(4 18 aw 1dw | 
, 2 will be used ‘subsequently in the approximate trigonometric-series 
solution for askew plate. 
7 From simple transformation equations, expressions for moments in polar 


fear may be deduced by stipulating that the e a- axis coincides wit with the radius | re 
i t is the direction (tangential) perpendicular to the radial direction r. r, -M, and- 


Me are the moments per unit length acting in sections perpendicular to r and ‘ 
Tespectiv rely. These moments. and the corresponding twisting moments, Mn, 
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— Itis. possible to obtain a power series in quadrilinear form that would yield 
an approximate solution of skew plate problems. — Since this procedure would 
have entailed considerably n more work than a similar series approach in Car- 
form, were not by In this 


* 

4 


at ait 
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Difference Equations—By means of equations it is possible to 
“obtain approximate solutions for many plate problems which cannot be —— 


easily by exact metho: ds. Skew plates and slabs fall into this category. “Many 
Bs have applied this method to plate problems.*’ Since finite squares, 


rectangles, and triangles - (hexagons) (see Fig. 3) are used i in the formation o of 


Bi -2“*Bestemmelse af Spaendinger i Plader ved anvendelse af Differensligninger,”’ by N. S. Nielsen, 

elastischen Platten,” by A. Nadai, Julius Springer, Berlin, 1925, p.205, 

«The Calculation of Flat Plates by the Elastic Web Method,” by Joseph A. Wise, Proceedings, AGI. 
| Design of Reinforced Concrete Slabs,’’ by Joseph A. Wise, ibid., 1929, p. 712. coms 


16 Analysis of Plate Examples by Difference Methods and the Superposition Principle,” by D. i. 
Ul, Journal of Applied Mechanics, Transactions, A.S.M.E., Vol. 58, September, 1936, p. A-8l, = 


‘Cantilever Plate with h Concentrated | Edge Load, by D D. L. Holl, ibid., , Vol. 59, March, 1937, A-8, 


10 
problems, was dealt with only in Cartesian coordinates and was applied to a ' Bass 
im § few plate problems which were treated also by other meth 7 a 
|m |p |m pp 
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— difference-equation netw orks, rather than the corresponding inf infinitesimal ele- 


ments associated with differential equations, approximate 1 results ar 
obtained. The ¢ approximations become better as the elements become smaller. 
An attempt was made in this investigation to ascertain the effect of the — 

the networks for triangular plates as well as skew plates. 
The procedure for the method of finite differences as. d by! | 
Marcus,” 1 M. Am. Soe. C. E., 

tol Mr. Marcus, the elastic web i is said to consist of a network of elastic strings 

: attached to the edges. of the plate i in such a way y as to conform with the e boundary ' 
conditions of the a plate ¢ or slab. — In the case of a plate that supports a 


a statically system of concentrated forces applied at 
the intersection points to the loaded area. 


equations i in normal form. function of the sum can be w 


: 


e-directio 
2, 


‘to the surface, are related to horizontal of the: on stresses: 


by the differential equation 


Manifestly, S must be constant o over the entire a because of a 
tions of if pis of 15 and ‘suggests 
the theorem 


given plate may | be as sum of the panel moments of the 
” 


aanes to. the procedure i in the case of beams, it is possible to — wan 


these moment sums and, subject to appropriate boundary conditions, the — 

- deflections of the latter membrane will be proportional to the deflections — 
of the actual plate under the given loading system. 


— 

— | 

— 

q 

— 

— 

sum of the moments in the IFeculon 1S 

— +4) ......(16) 
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. The dastic elastic weights i in the second theorem are nr 
It is obvious that the solution of the plate is the 


=—p. 


By y analogy at and equilibrium considerations one may obtain the relations 


eas with 2k designates the deflection of the nodal point k in the second r mem- 7 
the web deflections for square mesh may 


(218) 


in which the subscripts refer to the points in Fig. ii. te the hexagonal net- Mi. 7 


_ work, the following expressions apply (see Figs. 3(d) and 


2 


From the simultaneous li linear equations the values of We and ne are shtstnnd, 
a these are found the Mi-functions and deflections of the actual plate result — 


“from Eqs. 19 and 20. 
Bending moments and twisting moments in 1 the case of rectangular meshes | 


Theorie elastischer Gewebe und ihre Anw auf die Berechnung Platten,” by 
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found from the — 
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-_ ding moments in the iets 1, 2, anc 
“directions 1 land 3 are — 60° and d +60°, respectively) may 
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2 , Sec 
The twisting moments result from the ress 
Ow 
Ox Oy 
As stated prev iously, M M, = M2. order M 
simple equation Eq. 16) 
~The maximum an and k 


Met 


pers 


ertical shearing forces are to be 


13 (in whieh M. = M, and 


be obtained from the 


en by the terms 


(260) 
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expression (see 


is posible use the 
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— M,)? + 4 M*,,......... (290) 
The maximum value o nent is 
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To obtain the trajectories of the e principal (see Fig use is 
of the equation 2M ar 


PRELIMINARY SuRVEY OF PLATES 


A brief preliminary ‘he liek. of ation 

- networks on certain deflections and moments was made 

triangular plate, the 30° -60°- 90° 
triangular ‘plate, and an i isosce- 
les triangular plate having a: right" 

angle, all plates being simply ‘sup- 
por ted and subjected toa uniformly 

distributed load. Comparison w ith 

_ published results obtained by more 
exact: methods indicated that a 

bee atively small number of nodal —-_¥—d_ 

points gives values that are in fair FOUR COEFFICIENTS 
agreement with those of the more 
= ‘solutions. This is es- 


and deflections for points nearer 
the center of gravity of the plates 

those for points nearer the bound-— \/ 

aries. Net considered in- [\/\/\ 

coefficients. Because of lack 

space, however, detailed observa-_ 
= for triangular plates are not 


given herein... 


Supportep 30° SKEW 

PLATE "WITH 
SunsEcteD 1 TOA 


—The most convenient 2217 
network for the analysis of a 30° - RODBOODOORY 
skew | plate by the 


26 27 32 33 34 
equation method is. a triangular 


by drawing lines parallel to the 4.—Nerwoass ron 30° Prarss 
sides and the shorter diagonal of 
_ the plate (see Figs. 3(d) and 4). To detern mine the effect of the mesh inter vals 
on the results for deflections and moments i in the case of the ee loaded, — 
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« ‘simply supported, 30° skew plate having equal si sides (length =2 ©), , three net- Bot 
of varying g density A= ¢/2, c/4, c/5) w were re analyzed by this method. 
The ¢ difference equations relating 1 the w-values and 2-values_ at the inter- § 99 

sections” of the lines forming the networks result in a system of ‘simultaneous _ 

_ linear ‘equations. &, ‘Then number of those equations depends upon the number of ‘Ti 
intersection points or nodal points. In the particular plate under considera- _ 


tion, there is symmetry about both diagonals - and, consequently, only one 


_ a ‘Tf the length of the sides is divided into four parts (A = = ¢/2), it is apparent. 


- i= four nodal points result i; (some c of them are ure repeated), and, therefore, four 

simultaneous linear equations must be written and four cusiiichente & are to be 
found. For } = c/4 and = c/5, sixteen and twenty-five equations, respec- 
tively, teu ritten. As stated previously, the the 
_ deflections of the 1 membranes: involved in this method are usually in normal — 
: ‘form, and they may be solved conveniently by the “Doolittle Method” of 
solving simultaneous equations.” The boundary conditions: for the mem- 
branes associated with simply supported plates are indicated in Table 1. It is 


to be noted that the relations given for 2 in this table are also valid for o. J 


TABLE 1- —Bounpary FOR 


Substitution in Eqs. 22 gives the following equations for the sixteen- 


Adams, Special Publication No, 28, U. 8. Coast and Geodetic Survey, Government Printing Office, Washing- 
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= 


Eqs. 32 and be put into the form in Table 2. The last two 
columns in this table are the terms that appear on the ae right side of Eqs. 32 and 


33. Hence, it is to be remembered that after each 1 numerical value i in these 
TABLE Form or DIFFERENCE Equations, Eguat-Sivep, 30° 


PLATE; -UntrorMLy DIstRIBUTED Loan, StmpLy SUPPORTED 


12} 13 | 16 
—0.463973 
—2.192174 
462041 
—2.523863 
—3. 796233 
—2. 636190 
—4,268592 
—2.411222 
—2.469393 
—4.305309 
—5.277498 
—0.915260 
—1.897150 
—2.567936 
-—1.401323 


—_ 


= 


TABLE 3. or Eqs. 32 aNnp 33 WITH REFER meen 


3.214962 TS 697569 
1646262 3.956232 B 

3.518332 A 9. 904091 
1220346 A 2.718592 B 

25520533 1 6.568515 

2. ‘845728 7511201 16 736860 A | 10.738709 B 


vibes (Table 2) there are sla an equal ‘sign : and zero, since a minus e.. 


precedes each one. ‘The “Doolittle” Method” was for simul- 
neous equations that happened to occur in normal f form.!? 


When all the and 2-coefficients are it is an easy matter 


to obtain the deflections and moments. _ These are indicated for the sixteen- 7 
coefficient: solution in Table 4. 7 It is necessary to refer to Figs. 3(d) and oO 
the preparation and interpretation of these results. Similar analyses 


"made for the uniformly loaded, simply supported, 30° skew plate or slab, 
having equal sides, by utilizing four-coefficient and twenty-five-coefficient 
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Ee Table 5 affords a Semen: of the moments and enone at the center 


grees, 


pe x 
321059 


| pr 


0.003168 —0.057366 0.861586 | —0.795830 "1.321057 0.516837 


0.007692 
0.012139 
0.016673 
0.015429 


0.024477 
0.016760 
0.029341 
0.033975 | 
0.015454 


1.710194 
801289 
2.209804 
-648328 


2.380634 


} 276270 
2277665 


0.038688 | 


0.010620 
0.025658 
0.037521 


0.041948 


1.268258 

1.150963 

1.671594 

1.821893 

1 436043 


1.900214 

2.146290 
1.402770 
1.802272 
2.158576 


2.289523 
2.280523 


0. 349535 
0.645765 
0.795747 
0.855873 
1.286222 
0.999806 
1.599924 
1.821893 
1.126153 | 


1.771555 
2.109223 
1.402770 
1.802272 
2.158576 


2.289523 


0.100776 
0.402802 
0.795747 
0.776816 


1.336888 
1.497082 
1.738457 
1.410532 


| 1.2088 | 2.0281 


1.268258 
150963 
1.671594 
821893 


Bacco. 


 |—0.796923 


—0.810690 


|-0.567735 


2.021811 
1.133735 
2.027852 
2.357588 
0.704098 

831054 
2497542 
0.183680 
1.487121 
2.292514 


—0.787882 
—0.667139 
—0.816402 
—0. 457522 

—0.631856 
—0.159615 
—0.391292 
—0.463905 

0.275219 


—0.088666 
—0.286360 
1.055736 
0.273784 
—0.116020 


—0.241513 
—0.655560 
—0.936099 
—0.920203 


0.866348 


—0.234074 


0.238494 
0.589594 
0.796923 
0.810690 
0.567735 


0.275388 
0.270284 
1.000367 
0.500184 
0.135142 


—0.137694 
—0.340491 
—0.460101 
—0.468049 
—0.327780 


1.720206 | —0.282542 


1.812749 
2.209804 
1.650204 
2.380698 
1.302199 
2.279652 
2.625396 


1.960806 
2.605942 
2.012292 
1.960338 
2.359507 


2.707833 
0.655560 
0.936099 
0.920203 
0.680801 


0.275388 
0.270284 
1.000367 
1.000367 


0.270284 


0.275388 
0.680801 
0.920203 
0.936099 
0.655560 


1.527981 


MENS: 


0.087135 
0.324400 
0.537145 
0.909369 
0.982499 
1.419794 
1.554056 
0.612163 


1.770462 
1.967889 
—0.425842 
1.328054 
2.091583 


2.150086 
—0.655560 
—0.936099 
—0.920203 
—0.680801 


—0.275388 
—0.270284 
—1.000367 
— 1.000367 
—0.270284 
res 


—0.275388 
—0.680801 
—0.920203 
—0.936099 
—0.655560 


| 


TABLE 5. 5.—ComParIson oF Moments AND > AT THE (CENTER OF 


| 
THE UNIFORMLY LoapEp, SimpLy Suprorep, 30° SKEW 


«0.169566 pc? 0.169240 p c? 

0.142812 pe? 0.143095 pc? 


0.142812 p c? 0.143095 p c? 
0.142812 0.143095 p c? 
0.160650 pc? 160524 p c2 


0.146451 p c?_ 
0.159654 
0.011434 


May 


’ 


different networks. is seen that the moments M;, M., and M, 


are | in fairly good agreement even in the four-coefficient case. _ The twisting 


“moments, Mzy, are in fair ir agreement only for the sixteen-coefficient and tw eee 
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five-coefficient solutions. The deflections at the of the plate agree 
fal well again only for the sixteen-coefficient and twenty-five-coefficient 


Solutions in Trigonometric 


ta. This series contains 2 a set of arbitrary eutichatiiie that ¢ can be com- 
_ puted in such a manner as to satisfy the boundary conditions at an arbitrary — 
number « of points. _ The degree of approximation, naturally, depends upon the 
‘number of points selected on the boundary, but it has been found that in many 
cases a ‘relatively | small number of points is sufficient to give fairly reliable 
results. There is reason to believe that the use of approximate : methods is 
justified, | ‘since | the assumptions made in Cheerios are very seldom en entirely 


truein practice, 
_ The approximate determination of the | stress function for the prismatic 


a ar in torsion and the deflection function i in a clamped square plate has been 
indies ated by J. Barta.” - These problems had been solved previously by more 
exact methods, and the agreement found d by Mr. Barta was fairly good. © 

_ _ The trigonometric-series ; approach m may be used quite readily in the solution 


of both simply suppor ted and clamped skew — oom “ these cases are 


Fia. 5.—DIAGRAMS FOR TRIGONOMETRIC- eeeeneel ANALYSES OF SKEW PLATES (AB =AC = BD = cD) 


tr eated for a 30° skew in this paper. It is to be noted (see Fig. 
new ‘ set of Cartesian-coordinate axes is chosen in order to take advantage | oO 

In Fig. 5(c) it is seen that the ‘number of points chosen along the entire 
boundary is 1 It i is sufficient, Hee to the boundary Geflection 
at points B, D, F, and G. 
function i is eben to be 


“4 die niherungsweise Lésung einiger zweidimensionaler Elastizititsaufgaben,” 
Zeitschrift far Angewandte Mathematik und Mechanik, Vol. 17, No. 3, 1937, pp. ‘184- “185. 
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termining deflections and moments in a plate 1s one in which the deflection 
: 
| 
— 
iim 
— 
4 
@ 
a by J. Barta, 


‘The boundary « conditions fora at supported ed e (len th of side 


which, in in form, becomes Eq. 12a to zero. 
From Eqs. 36, and 12a it is cle clear that, at the points, ‘the 


7 


- Ao r de + 


ih ives 


20 rt cy cos 40 + 28 cs cos 6 0 = 
Itm may bes shown ¢ n easily that the assumed | deflection function (Eq. 35) satisfies 
i _ By substituting the values of r and 6 for points B, D, F, and Gi in Eqs. 37, 


and powers to equal unity, it is possible to obtain 


= 0.0027059329 = 0.0057873004 
= 0.0038678560 p/N 0.0041150544 
= — 0,0148808677 p/N = — 0.0138895211 p/N 
= 0,0131565067 es = — 0.0068034953 p/N 


= 


These values, multiplied by the ¢ corresponding powers of a (length of ‘side), 

may be inserted in Eq. 35 to give the approximate solution for the deflection 

function. . From the the ‘maximum value. of deflection 


4 


be obtained by letting r= 


Be 
= 0.0432949264 —— 


in which a = corresponding value obtained the of finite 


which indicates a ‘difference of about 4%, = upon the difference- equation 


‘From Eqs. 13 and 35, expressions s may be d be deduced | which, for the center re 
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SKEW PLATES 


At the center of the plate t — moments are found to be 


= 0. 1764210176 p pe. 
wil 


M= = 0.1331010304 p ct 

which 1 compare fairly well with corresponding difference-equation moments 


‘The differences based upon the difference-equation values for these radial 
and tangential moments are 4% and 0. 0.6%, 


‘te plate ys of these is s presented i in n this: 
paper, whereas others studied in the investigation are given in a more detailed 
report filed in the Engineering Societies Library. 206 In the detailed report 

with unequal sides are also treated. 
Inthe case of the | uniformly loaded, simply supported, 30° s skew plate I having» 
equal sides, ‘it is desirable to establish a set of Cartesian- coordinate ¢ axes as 
shown in Fig. a. _ This enables one to take advantage | of the symmetry 


@d) 


= 


Fie. Networks FOR — 


about axes. T The deflection function x may be. written in 


‘ 


43 involves the of expressions for the sides, it is apparent 


that one of the boundary conditions, w = 0, is already satisfied. § 


— 
— 
WL 
| 
hi 
Be — 
|, 7 
| 


‘out the entire plate, and that = 0 (see ‘Eq. 36) ry. 


Iti is to be expected that an . approximate solution of the deflection funetion 
all result, if Eqs. 4 and (36 are s satisfied only : 
plate » and certain other points along the boundary, re sesinn rely. _" 


a lar case involving points B, _D, and E, along the boundary, and points L re 7 


and | 5 (see Fig. 6(c)) yinbded the following v values for the center of the pl: ite: 


w 045007 


3 ‘itaein are about 8%, 16%, see 17% different from the corresponding difference- 


CLAMPED 30° Skew Pu ATE WITH EQuaL | ‘SIDES TO 


over 


Analysis: by Method of Finite Differences. —In solving the | problem of the 


clamped plate, it is convenient to relate the membrane deflections in such a_ a | 


manner that only one set of “om equations need be solved. From 


Eqs. 19, 226, and Fig. BO), 
+h + 2, 2y +e 


+ 2) = 


3 


42z,—2 + + So. 


42, — 2, /3 (20 + <4) 


; From ap. 22a and 46 the more convenient form is found as as follows. 


10 ) (2; + 21+ + 2p + + 24 2r) (24 + 2p + 2c + baal + zn + 


Table 6 contains momen 

Solutions in ‘Trigonometric Series. “series approach, 
mentioned previously, applies to the sntiised skew plate as well as to the simply — 
case. Again, : a a 30° is selected, the s sides ‘being 


boun 


= 


= 
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2/8 (2k + + 20 + 2a + 
= Wp d2/S2...... (469) 
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(SKEW PLATES 


must satisty the plate formula, Eq. 4, throughout | the entire plate ‘and the 


boundary conditions, as before, are to be be met at an arbitrary number of points 
(twelve in this case). 


TABLE E 6. LoapED, CLAMPED, 30° S: SKEW PLATE. 


_ HAVING Equan Sipes 
Sixteen ( Coefficients, = and 


0.001339 —0. 236305. 0.209767 —0.156285 
0.002410 —0.369557° 0.201683 —0.073520 
0.00: 3919 { 0.107912 0.488398 —0.329509 


0.003291 43187: 0.089358 0.061223 
0.006665 0.720474 —(0.260080 
0.008551 —0.119157 
0.010656 "699K 244719 
0.003240 —0.216 0. 347719 
0.008760 0.58 58: 5401 0. 054672 
0.012802, 0.958844 1.123920 —0.131579 
0.001782 —0.082983 70.5 527702 0.385134 
0.006963 0.524883 0.390833 0.202693 
0.012224 0.958416 0.989663 7060 


O14: 38 + 1.250479 — a i 


0.0450: 34 0.150112 
182127 607089 

—0.383836 — 1.279452 

oly —0.712181 
0.706964 = 
0.514224 


37 
356548 
714081 | 
Ss 
1 


— 
14189 «0.519550 
2 —1.958497 ~1.127620 0.719557 
=1055548 | —0.607740 0.387811, 
0.123842 0.071303 0.045500 


—1.414117° 
1944152 


2. 
2 
1. 

0. 
1. 


aii conditions at points B, D, F, and G (see Fig. — which must 


D, 


satisfied are: w = 0; dw/dr = 0; ond 


Because of syn symn sited the deflection function may be put in the form 


ao + s 20 + rez + cos 46 + cos 


Differentiation of Eq. 48 results in 


r ag cos 8 6 4 8 cos 6 6 10 C19 COS 


ad 
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21 as a, sin 2 @—4rt sin 46 ca sin 2 


By substituting values of r mt 6 6 for points B, D, F, and G ei Fig. 5(c)) 


and setting a eq equal to unity, it is feasible to » dndive ten simellancous: equations, 
“wy 


= — 0,0022057884 p/N ce = — 0.0493657788 
= — 0,0065078196 p/N = 0.0177867736 p/N +. . (50) 
= 0.0128847660 p/N = 00297909016 >/N i | 
= 0.0057365111 p/! N — ew =0. 0276254724 p/N 


These values, it must be peer oer are to be multiplied by appropriate 
powers of a before they are inserted in Eq. 48 to give the approximate solution 


for the deflection function. 7 The ‘maximum deflection for this. plate oc occurs 
at the center (r = 0), and its value is found to be © =a oe 


The corresponding obtained by n means of is 


‘Wmax = 0. 0.014384 2 (51) 


a ‘difference of about 11% based on ‘the latter value. Re 
_ ferring to Eqs. 13, it is possible to deduce expressions for the radial and 
tangential moments, which for the center of the plate (r = = 0 and @ = 0) reduce 


that the values of the constants — 


for 


War? 


of the values ob- 


The difference-equation Values a are 


ne 4 indicating, for the niles and tangential moments at the Snare a ‘ difference of 
_ about 3% and 15%, respectively, based o on the difference-equation n moments 
Obviously, i in the case of the clamped plate, the boundary conditions should be 
satisfied for a greater number of points (for the same degree a of approximation) 


“than i in the case of the f the simply s supported | skew 


to the same form as that found for the simply supported plate, Eqs. 40, except | 
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SKEW PLATES 


For the equal-s sided ‘clamped 30° skew plate with the boundary conditions — 
| being satisfied at only eight points along the entire boundary “(see Fig. 5(b)), 
: the results are naturally less reliable than those obtained when twelve points, a 


are taken into consideration. 


b) ‘The n maximum deflection of the plate obtained by the trigonometric-series 
approach f for this case (eight points considered) i is 


radial and tangential m moments as obtained by the trigonometric and and difference- 

7 equation methods average ge about 20%. 4) Clearly, the e degree of approximation : 
in this case is not satisfactory. 

Power-Series M. ethod.— —The 30° sk skew plate having equal sid sides a and 
10) “subjected to a uniformly distributed load may also be analyzed by power- series _ 
q methods. _ The defle deflection function . may be written in the form (see F Fig. 6), x 


on f 
: from which it i ; apparent that the boundary conditions w = 0, dw/dx = 0, = 


la) and dw/dy = 0 are valid. The plate formula, Eq. 4, must also be ‘satisfied. 
By doing this for only a a certain number of interior points, it is possible to 
— ~ the problem | approximately. It It is convenient to select the number of 
: points to correspond to the number of constants, ae a» , chosen for the series; z 
1b) F in this manner one obtains as many equations as there are unknowns in the | 
_ — series. Eq. 4 may be satisfied for a larger number of points by normalizing — 


Re | the resulting equations. This process yields a system of linear equations in = 
and normal form about the diagonal) which may easily be be solved d by the 
sept | _ Six points are now v selected wi within the plate (see Fig. 6(¢)) and, correspond- 
ob- six coefficients are taken in ther power series. Obviously, from symmetry, 
these are | Coro, 0  Co,2, Coe Caw Eq. 54, bya few simple opera- 
tions, one may derive the differential equation presented (for - compactness) 
Substitution « of a's y in Table 7 for the six points gives rise toa 
system of equations, the solution of which 3 the values 
Coo = 2.6184138565 10-3 = 20.1633240889 
C2,9 = 11.8165756479 = — 10.3051787620 x 
pila = 2=— 2.6453532509 107 Cos = — 1. 1029769807 x 
53) The ‘maximum deflection of the plate is be 
Id which is s about 7.8 7. 8% le less than the  difference-equation value— tage 
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—_— Eqs. 1 | and 54 it is possible to determine the bending moments at the 


= 0.051492 


ABL E 7. ENTIAL Equation DERIVED ED ‘FROM Eo. 54, WITH a= 


Coo 135 C20 — 81 Coa + Cio + 


32 


648 Coo + 11, 340 C20 + 1,620 Cos 


fat (124,416 Coo — 132,624 — 9,072 + 51, 921 +3, 807 + 729 Co, 
+ x6 (385,344 Coo + 15,552 Co,2 - — 401,976 Cro — 17 Co, 
+ G24 +2268 C02 — Cra — 
+ yt (1,536 Co — 144 C29 — 3,312 Co2 + 81 Cao + 567 + 7,209 
+ y® (—64 C20 + 3,648 — 72 Cao — 456 C22 — 12,456 Co,s) 


(12 480 C20 — 20,160 Co,» -+ 1,080 Cio 160 C22 +5 

a? y6 ( -2, 976 Ca + 8,352 C22 —26,784Cos) 
+ (—146,880 C2,0 + 77,760 Co,2 + 50,760 — 113,400 C 

xt (70,800 Cao — 104,400 + 32,4000) 


y? (—476,064 Cao + 282,528 C22 + 69,984 Cos) 


phat These are about 3% and 21% different from the difference- 


haf ‘Summary a AND CONCLUSIONS 
a. In this paper a theoretical study of uniformly | loaded, simply supported, 


paged 
and clamped skew plates has been made by means of approximate methods. 
exact ‘solution of skew plate problems has come to the attention the 
writer, and consequently ¢ comp: arisons were made between approximate methods. 


— A survey was made of a few systems of coordinates s in order to ascertain 
their « convenience in the treatment of and skew The | tri- 


more effort. than the in the of the 
problems. _ The trilinear system has been suggested by an n investigator w ho 
“solved | plate. pre oblems that have also been analyzed by Cartesian coordin: ates. 

— The quadrilinear system, in the case of power-series methods, would definitely 

nvolve more work. © Polar-coordinate equations, on the other hand, have b been 
ery useful in the trigonometric-series s solutions. 
From a ‘preliminary survey of triangular plates and a more’ extensive in- 


‘vestigation of the loaded, simply supported, 30° skew plate hi aving 
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of networks s was obtained. In general, it may be stated that a rela- 
tively small number of nodal points: gives values Ww hich are in fair agreement 


those of more dense. and, hence, more accurate “networks. is es- 
_ pecially true in the case of bending moments. — More specifically, in this con- 


nection, the following observations are notew orthy: 


a. (1) In the case of simply supported equilateral, triangular plates, subjected 


to uniformly distributed loads, reasonably good results are obtainable by the — 
: method of finite di differences even for a relatively small number of coefficients— 
say, five. _ The maximum deflection given by the five- coefficient solution and 


- the eight-coefficient solution varied from the exact solution by 2 7% and 1 2%, 


(2) A. comparison of deflections at certain | points of the simply ‘supported, L. 
30°- 60°- 90° plate subjected to a uniformly distributed load obtained by ete 
Ww orks having three and tw enty-one nodal points show ed a difference of about 


6% or 7%. 
a (3) For the simply supported isosceles, right triangular plate ini ao 


a uniformly distributed load, the deflections as obtained by A. Nadai’ S ap- 
proximation and a difference- -equation network having twelve coefficients are 


in fair agreement a at points near the center of gravity of the plate, but nearer — 


the bound: ries there i is considerable disagreement. 
, (4) A comparison of bending moments and twisting ‘moments at similar 
points of the uniformly loaded, simply supported, 30° skew plate (equal sides) 
obtained by the four- coefficient solution and the sixteen- coefficient solution 
‘inc licated reasonably good agreement. . Ate one pair - of corresponding points 


si the results agreed w ell within 1% . Two other pairs, for which a ‘comparison 

made, showed a maximum of about 5% for bending moments, 

H W hereas the twisting ‘moments varied by about 10% in one . case and by : about 
(22% in the other. deflections differed about 8% or 9% for the three 

ad, points inv vestige ery 


ds. (5) At the center of the unifor mly loaded, 


he _ having equal sides, the bending moments | and deflections resulting from the 
As ~ networks having twenty -five and sixteen ‘coefficients agreed well within 1%. 


corresponding twisting moments differed by only 2%. 
ne ee (6) A simile ar comparison (see conclusion (5)) between these results as ob- 
te Mie by the tw ‘enty-five-coefficient and the four-coefficient solutions showed — 
| | agreement (within 3%) for the bending moments. tw wisting moments 
and deflections at the center differed by 19% and 9%, ‘respectively. 
_ _ The uniformly loaded, simply supported, 30° skew plate with equal sides — 


ly was analyzed b by the trigonometric- “series a and pow er-series methods, as well as 

en by the difference-equation method, and certain deflections and moments were 

compared. The following comparisons may be enumerated : 


ie (a) The maximum deflection given by the trigonometric-series method. for 
“this ¢ case (eight coefficients) differs by about t 4% from the difference-equation — 
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PLATES Papers: 
the center ¢ the plate, the tangential moments differ 
a 4% and 0.6%, respectively, for these same two methods. ‘The agreement 


(b) At the center of the plate, the deflection, w, and the —s M, and 

My, as obtained by t the method using power series (ealy three terms and seven 

: points considered), differed by 8%, 16%, and 17%, respectively, from the 

corresponding difference-equation- values. By increasing the number 
terms in the « series and the number of points for which the conditions ; are 


gatisfied, it would appear to be possible to’ increase the accuracy. 
The clamped 30° skew plate with ouesl sides, subjected to a uniformly 


distributed load, was studied by: similar methods ond following 


(A) A difference of 11% was found between ion maximum deflections as ob- 
tained by trigonometric series (ten | coefficients) - and by difference equations. 
‘The radial ai and tangential moments at the center differed (for these two meth- 
‘ods) by about 3% a and 15%, respectively. 
(B) The values for the maximum deflection as obtained by power series 
(six coefficients) and difference equations differed by 7.8%. _ The moments 
by 3% § and and 21%, respectively. Pay 


Structural action of skew plates slabs: in the 1 region of corners was 


not treated. Singularities prevailing in these sections probably necessitate q 
th the use of more rigorous, mathematical methods) $= 


‘The source oat the material for this paper was a thesis by ina wine, en- 
“titled “A Theoretical Study of Skew Plates,” ” presented to Lehigh U University, 
- Bethlehem, Pa., ., in June, 1941, in partial fulfilment of the; requirements for the 
cae of Doctor of Philosophy, 
This investigation | was conducted under the general supervision of Hale 
‘Su therland, M. Am. Soc. C.E., Director of the Fritz Engineering Laboratory ¢ of 
Lehigh University, while the writer served as Instructor in Theoretical and 
Applied Mechanics at the University of Illinois, Urbana, III. The: suggestions 
_ and criticisms of Professors Newmark and Jensen, previously mentioned, are 


* The following letter symbols conform essentially to n Standard 
Letter Symbols for Mechanics, Structural Engineering and Testing Materials 
(ASA—Z10a—1932) prepared by a Committee of the American Standards 
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approved by the Association in 

+ 

of (for example see Fig. 5); 


a coefficient i ina trigonometric series ; 
9 
=a substitution co coefficient i in Table 2 


C= coefficient; nn = & coefficient in a series; 


 € = a horizontal dimension of a plate (for example, see Fig 5); 


= a coefficient in a trigonometric series; - 
a —E- = the modulus of elasticity of a material in tension and compression; m5 
= the modulus of elasticity of a material in cae: tn 
moment directions shown in in ‘Fig. »: 
M, = moments per unit of length in sections 
pendicular to the z-axis and the y-axis, respectively; 
twisting moment per unit of i in sections —— 
: dicular to the z-axis 


OM maximum of a twisting moment 30); 


Mm = a function of the moment sum . 14); alue of M at the 


nodal point k (Eq. 19); 


- a direction in any given plane, direction t (n = “nor- | 


mal” and ¢ = “tangential”’); 


P= = uniformly | distributed | lateral unit load; 


= reactions; R: and R, = vertical sendtion per unit of length i in 1 sections 


normal t to the z-axis and the y-axis, respectively ; oa 
= radius = polar coordinate with angular displacement 6; ry = radii 
ie of curvature of the middle surface | of 3 a plate in ‘planes parallel 
the -plane and the yz-plane, respectively; 


first membrane, etc. (Eq. 19); 
a a direction perpendicular t to 
in the 


> 


#8 horizontal component of the surface stresses; = referred to the 


June, 1945 
‘ 
3. 
- 
icular to radial and tangential directions (positive 
st when producing compression in the top fibers of a a a, 
My. = twisting moments per unit of length in sections perpen-  # 
dicular to radial directions; 
M2, M; = bending moments per unit of length in sections 
ly; — 
n- 
— 
— 
al 
— 
al — 


vertical shear Teferring t to ‘the: nodal point k and the. 


ve 
v= displacement i in the y-d -direction; — 


w= displacement in the 2- = deflection first membr: ane 


= valuee of to the nodal point k); 


jae 
= distances i in the the deflection of the ul | point 


- angular displacement ; polar coordinate with the radius r; 
= = intervals in ‘difference- equi ation networks (see, for ex: umple, Fi ig. 3), 


subscripts x and y referring to respective axes ee, —_ 
Poisson’s ratio (lateral contr action to longitudins il elongation) ; 


= bending stress; o:, ¢, = normal components of bending stress in the 
’ 


a-direction and the y- y-direction, respectively of te 

shear stress; = shearing components of stress, the first 
in n each case 4 axis to Ww the 


ace ator. 
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LOS “ANGELES PLAIN” 
LAVERTY." M, AM. 


BY FINLE 


Depletion of ground- water supplies by the heavy draft of now war indus- 


‘tries ha as reemphacised the of water ation in Los . Angeles 


County, California a, 


‘voirs to supplement normal surface water supplies as well as” underground 
storage; a description of development of, and a presentation. of data obtained 
_ from, extensive off-stream flood water spreading grounds used to replenish 
rater by ares ition; and data gathered on the qu: ality « of flood waters. be 


aa dams, channels, and w ater spreading grounds. ‘E ach of these takes a i rt 
hited 
in the water supply of the Los Angeles Coastal P Main. ~ Since its inception as 


a State District in 1916, Los Angeles County Flood Control | District has carried 

on a program of dev are of flood control and water conservation works. 
At present this system cludes 18 dams and 18 debris basins, controlling 


sq miles of Ww atershed : 226 miles of perm: inently or temporarily 


improved flood channels; about 2,500 check dams; and 7 water spreadin 


grounds located adjacent to some of these ch: annels. 


It is unusual to oper rate. reservoirs for both. flood control and w ater con-— 


servation. » et | this dua function i is nec to cope with the intense 
area making flood control. 


the greatest likelihood of severe storms, which is from December into March. | 
~ During this period regulated releases often increase contributions to ground 


Fs Nore. —Written comments are invited for immediate publication; to insure publication the last dis- 
cussion should be submitted by November 1, 1945. Los 


‘Hydr. Los Flood Control Dist., Los An Calif. 
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whenever: ‘te ‘quantity. of water stored and the be- 
tw reen st storms warrant constructing temporary diversion dams in natural river 


beds, or or operating permanent diversion works i in improved channels. After” 
the middle of March, flood control regulating capacity is gradually ‘encroached 


on n- until the middle of April when all available surplus stream flow is stored. 
This accumulated | storage | is used for direct domestic and agricultural supply. : 


Any additional reservoir water is put into ‘underground storage by percolation 
‘in channels and spreading grounds. — 7 In this manner the cycle is completed and 
the reservoirs are ready for flood nhiiion prior to the next storm season. 
Pertinent data relative to the principal m mountain reservoirs (Fig. 1), listed 
from west | to east, are presented in Table 1. | These « data show that for wate 


TABLE 1.—MountTain RESERVOIRS OF THE Los ANGELES County 


area capacity 24-hr runoff 


sq miles)? | t illway 
(sa miles) Maximum | Minimum Av erage? (of record: 


38,000 


76,400 
37,600¢ 


14,000¢ 
17,800 
= 


Sawpit. 


2,970 
San Gabriel 


410, 000 
61,300 
3,270 


16.2 1,070 12, 


@ Except i in Col. 2, all units are in acre-feet. > Averages are ie the naman of years shown i in parentheses. 
¢ Does not include the Pasadena Water Department diversion to direct use above the reservoir. Nijaiay 


of plentiful water supply the storage capacity, of the reservoirs is relatively 
small. This emphasizes the importance of utilizing the large underground 


-Teservoirs in the alluvial filled valleys below . The tabulation also shows that 
very little of the peak flows of severe storms can be detained for spreading. | 7 


_ This paper will set Leroy (1) Examples of direct use of flood waters con-_ 
served in the reservoirs; (2) water spreading practices in this area, and s some 7 


of the problems encountered, together with h percolation 1 rates ‘under variots 

conditions; and (3) water at analysis data based on samples taken from flood 


Direcr or SrorED Fioop W ATERS 


ou Practically all of the reservoirs listed in Table 1 serve to increase the 
supply of water furnished by these streams for direct domestic or agricultural = 


us use. A few of these uses will be described (see also Fig. 1). recietine sayin: 
Tt Pacoima reservoir, controlling a drainage area of 27. 8 sq miles in the 
- aieat portion | of the Sierra Madre, lies above valuable agricultural and 


esidential areas in the San Fernando V: V alley. "Annually, 1,000 to 2,000 acre- ft 


833 

— 

“4 

y 

— 

27.8 4,840 S00 | 19,600 (41) 24,870 

i 2 | Tujunga............ > 2,500 62e :1,930¢(25) 4 4 

ne 63 771 4,300 (26) | 3,4 ‘git 

9,630 | 130,000 (48) 74.830 

| 

q 
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af the stored flood waters le ased_ to the stream | and picked 1 up by down- 
‘Stream . diversions for irriga 1 of | several hundred acres of citrus groves. 
Since the stre am abov e the reserv oir is dry in ‘the late summe r and fall months, 
£ this ‘supply is of large > vi ‘alue- to ‘the ranches which would otherwise have : as 
their only loe al supply a very limited ground-water basin. — Additional stored 
flood waters are percolated in the areas downstream. 
- og Devils Gate Dam controls a mountain drainage area of 31. 19 sq miles in- 
— ‘luding principally | the Arroyo Seco northwest of Pasadena. Here the reser-_ 
= 
voir area is owned by the C ity y of Pasadena which has constructed galleries — 
4 inder, and wells adjacent to, the reservoir bed for the p purpose se of extracting — 
urban ws ater supply. T The stora in the reservoir is the primary means 
of supplying the galleries. . These galleries well for several 
decades prior to the forest hus and subsequent mud flows in the fall and winter 
of 1933- 1934, but the organic Sais carried by these wa? flows so increased 


the carbon dioxide content that the reduc ed amount of water pere colating to | 


the galleries has since been useless. _ Recently the District has conducted 
— -sluicing operations, using stream flow to scour the overburden from the reser- 
voir bed. _ Results indicate that further " sluicing, particularly with the aid of 


facilities, w vill succeed in. this source of w ater supply. 


_ water supply. - Flood flows originating in the 19 sq miles of San Dimas Canyon 

ure by Dimas reservoir and Puddingstone Diversion reservoir 
a 2.7 mile concrete 3, 500 cu 


2 700 acres which one wal areas in 
_ Angeles County. . TI his system made it possible to conserve the e entire runoff 
of the heavy storm of March, 1938, ‘amounting. to 9 365 | acre- ft, and also that. 
of the storm of January, 1943, amounting to 6, 835. acre-ft. This: salve age 
“created an asset worth at least $15 an acre-ft for irrigation u use. ». Puddingstone | 
“reser voir hasa a 1 capacity to to Spillw ay of 17 1900 ac acre- “ft. _ Subsequent use of this: 
stored water in lieu of pumping has aided ‘ground- -w wise basins Nos. 7 and 8 
 & (Fig. d to regain sufficient storage to cope with withdrawals during dry years. 


The rise in water table underlying this agricultural area, since 1938, has ranged 


from 65 ft 

—_— San Gabriel Canyon flows a are regulated by the Flood Control District’ 
Dams No. 1 and No. 2, and by Morris Dam which creates a 36,000 puma 
water | conserv ation reservoir (ow ned by the Metropolitan Water District. 


‘Southern California). _ The flows from this and near- -by tributary areas will: 
Santa Fe and W hittier Narrows reser voirs as: 


The reservoir in the Gabriel ‘Canyor on area. 
210 ) sq miles also furnishes the means of conser ving | the most important local 
~ source of ws water supply i in Los Angeles County. The first 135 cu ft p per sec of — 
normal flow is s allocated to direct div ersion for irrigation of citrus lands. Of 


_ this flow 90 cu ft per sec also forms a steady winter-time source of power 
is generation which seldom falls below 30 cu ft per sec during the si summer months. — 
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WATER SUPPLY 835 

The ‘remainder of the flows which can can be salvaged (Table 1) are available 

(a) for storage as direct water supply, or (6) through the medium nm of pumping © 
"from underground basins after storing in these basins by 1 means of channel 
er ound percolation. discussion will deal 


WATER Cc ONSERV ATION BY 


spreading ground develop yment was first in Los 


Angeles C ‘ounty in 1906 at the mouth of San Antonio ee q ‘Since then, the 


District has dev: eloped 1,300 acres, other agencies 765 acres, of percolating 
7 
utilizing one or more methods. 
General methods of water spreading practiced in Southern California are 
zm the ditch and furrow method, (2) the basin method, and | (3) percolation of 
regulated flows in natural stream beds. All three have modifications or varia- 
and often are used i in with each other. 


very 

or terrain, where the at may ‘ees silt ¢ con- 
tent. ¥ Canals and ditches | are laid out roughly on contours with “sufficient 

slope to prev event. deposit of the e suspended 1 material, yet flat enough to preven’ 
seour of the 1 waterw ways. I Due to variation of soils act TOSS the spreading area, 
the proper slope is often’ quite difficult to determine, yet may be corrected — 
after construction by installation of check g gates. 
oa A modification of this method is to install main canals, as broad as possible 
7 and with shallow depth, from which smaller ditches at regular intervals lead 
the water out and spread it ov yer the ground, much | in the same manner as 
7 flood irrigation. — Water not absorbed by the flooded area flows to the next. 
— lower main . distribution eanal by which it is again distributed vale a series of 

smaller | ditches and their flooding : area. 


antages: of the ditch method and ite variations are the low costs of 


aintenance and. operation when the works are once correctly installed. - Wh 


_ 80 constructed that the main channels may be flushed, this method will handle ~ 


ky 
a greater silt content than any other type. An objection to this: system is that | 


the percentage of the total spreading grounds in direct contact with the w vater: 


i 
is very low, usually not more than 10 or 12% as compared with 75¢ - 


iy ‘sit snore, 20% as compared with 7 


(2) The Basin Method. —In its simplest form this involves the construction 
of dikes or small dams at regular intervals across the abandoned natural ee 
channels on a debris cone or former river- -bed_ areas” outside of controlled 
channels. The w rater is led into the: upper basin by 1 means of a canal and from 
Succeeding basins, as each fills, it spills to the next; or the canal may extend 
past and feed basins on each side. Fro rom the last basin the waste water is 
Teturned to the flood channel. The upper basins 1 may serve as desilting ponds 
a and prevent excessive silt from being deposited in the low er ponds. — ‘During i: 
a recent years the basin om has been used predominantly due to its economic a 
(3) ‘Stream Channel —In some form this method is on 
’ most. major st streams in So thern California. All of these streams are subject 
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- to flash | flows of short duration, but of comparatively h high 1 rate. On the lower 
valley a areas this condition results: in a broad, oa, sandy | bed which is “odd 


surface flow covering but a small portion of its area, “ia Ayia 


For several years conservation associations and_ agencies have 
diverted the streams in these areas and spread them by various systems. 

Where the stream channels are composed of materials that tend to consolidate 
and seal off, the stream bed is broken up by tractors dragging cultivators or 


In flat’ stretches, the stream is diverted into plowed 


‘ to cover a considerable portion of a wide wash ee 

n Practice. —The general procedure followed in selecting spreading areas. 
involves an initial study of ground-water use and supply. From these data 
and measurements of stream-flow. percolation ‘under existing conditions, the 
quantity of water which it would be desirable to handle in off-stream spreading - 
| | ae is determined. — _ The possible locations of the spreading areas relative 

to geologic features of the ground-water basin concerned, ground-water level 
‘Tange, and general soil characteristics which would ‘indicate 1 the precolating 


“capacity” are studied. _ Promising areas ¢ are checked to _ depths of 30 ft or more 
byt test holes to reveal the presence 0 of clay lenses s and o' other soil conditions which | 


would have an important effect ¢ on the long- time spreading ra rate. 
* Following study of these data, if a local water supply of a a few cubic feet 7 
pe 


r second is available, a small sample basin is often tested for a period of | 
several weeks to obtain further data on percolation rates. When the most _ 


- suitable set of conditions has been ascertained, the ground is purchased and > + 
_ dev eloped on a temporary  basis—that i is, with wooden intake, canal and basin _ 
structures, and a temporary. sand dam for diversion from the stream. 


development is operated full scale until the data ‘derived ‘warrant revision or 


‘spreading constructed 1938, is illustrated i in Figs. 2 ar and 3. 
canal i is controlled by a 25 ft wide 5- bay flashboard intake faced with a 20 ft — 
4 wide 4- flashboard sluiceway which governs the head available for the 


f canal and enables es discharge for river ‘percolation as well as sluicing of sand a 
the forebay. At all drops o or outlets flow | gages or recording gages are 
installed. The canal « can handle a flow of 200 cu ft per sec (to care for addi- 
tional development). = he cost ‘of developing this area was approximately 
$10,000; the water conserved i is worth at least $10 : an acre-ft in the ground. © d- 
dAtis estimated that the cost of spreading, including the wooden structures 
“ (retired on a 10- “yr basis), interest, maintenance, and operation, amounts to 
} less than $5 per acre-ft of water spread. — With several hundred acres of coastal 
— basin spreading grounds completely developed, the cost might be as little as 
$3 per acre-ft for conservation of the era time average available flow which 
would otherwise waste to the ocean. — (Cost. of retirement of land was not 
] included in these unit charges as the value is*not impaired.) This average 
flow is calculated to amount to a minimum of 10,000 acre-ft annually. 
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WATER SUPPLY 


grounds the Rio Hondo channel has be 


Adjacent to ese spreading 

intensively dev eloped (Fig. 4). This isa typical ex: ample of the coverage 
checks to 


en 


which may be obtained by the use of a large plow and oe 


Sluiceway, and ‘Temporary Diversi n Dam tts 
a 


— (b) Check- Drop No. 2, Turnout No. 2 in the Main Canal a) 

READING Grounps, ‘Coastau Basin, Avusver | 3, 19388 


Fra. 3. —Spre 


“redistribute the flow. OF course, it is only practical to set up this ty pe of 


— spreading for tegulated flows to be released after the storm 
ork cian is also instrumental in spreading the saa 


ason mn. Ww 


. 

mat 


season’s storm flows until low water channels have been created again. The 
eam used was a a specially constructed plow | capable of making a furrow 7 


from 23 to 3 ft deep and ws was drawn sda * ~_ or 80 hp tractor. The check levee 


(a) Plowed Ditches Designed to Give Complete Channel Cc overage, July, 1940 | 


annel Coverage, A April, 
J 
10 Honpo “ADJACENT TO SPREADING GROUNDS 


were constructed by bulldoser. One hundred acres dev eloped 


| approximately 150 cu ft per sec, with rather high ground 
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& Problems. study has been given to both ‘useful 

ic means of t conserving San Gabriel 1 Canyon flows for use in the two 

principal -ground- water basins over which the river and its distributary, the 

Rio Hondo, flow (see Fig. 1, basins 3 and 24) . The upper, known as the Main 
Basin, incbading the area tum the mouth of the canyon near Azusa on the 

north to the Vicinity of Whittier and Montebello on the south, and from 

Alhambra on the west to Covina on the east, has a capacity between experi- 


enced ground-water levels of 615,000 acre-ft. It is overlain n by 61, 000 acres 


‘The lower basin, k known as the Central Coastal Basin, is also largely agri- 
cultural, having an area of 99 000 irrigated | acres. Its useful capacity is. 
approximately 275,000 acre- ft. — While: the upper basin i is of consistently porous 
material typical of upper portions of a detrital cone, the lower basin contains 
porous material in only the upper five miles along the courses of the rivers. 
The balance is overlain by clay strata which controls an intermittently artesian 

BY Replenishment of the Main Basin is accomplished readily by percolation in 
- the stream channels and the normal spreading w which will automatically occur § 
4 
in Santa Fe reservoir. — Percolation of flows i in ‘the Main Basin has supplied . 
_ interesting data r relative to the distribution of ground water dependent on the 


_ Rg. 5 shows the course of the San ( Gabriel River and its distributary, the 


; Fe Dam ‘and res reservoir, r; the 200% of normal rainfall during the se season of 1940- 
ah geen’ a large volume of ¢ canyon flow which traversed the channels. 


occurring prineipally from this  stream-| -bed percolation. In comparison, » the 
full line contours show. conditions following the 160% ‘normal rainfall season 
of 1942-1943 when the Rio Hondo was cut off from percolation and the prin- 
3 ‘cipal source of contribution to ground water was from percolation in Santa Fe 
7 reservoir and flows released down the San Gabriel River. It is evident that 
ne the latter condition spread the ground water over the broad front of the cone 
> full use of available storage instead of ‘concentrating -ground- water 
_ ridges under the | channels. . Knowledge of such characteristics is particularly 
"helpful i in handling spreading works i in relation to developed areas which are 
subject to high  ground- water difficulties “pad 
‘In contrast to the easily replenished Main Basin, ‘the Coastal Basin has {| 
been depleted to such an extent th that, in certain areas, _sea- -water intrusion 
Get the « quality of its supply. — 6 Hence, it is in this basin that the ‘Flood 
Control District has developed its primary off-stream spreading works. % The 


now in the upper portion of this A, , spreading 
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10 Hondo, a portion of which has been operated since Uperauious ‘toe 
included test runs to determine the characteristics of the spreading eur 
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grounds as well as routine use between winter storms and percolation of flows 


stored i in reservoirs during spring months, 
Valuable data have been gained relative to 


. percolation of water under 

- varying ground-water conditions. The principal factors determined have 

been percolation r rates, relation of shape of spreading grounds to outlying are areas, 

= of depth of v water in basins, and effect of of f ground-water 1 mound. | ‘Rates 

- obtained have varied from initial values of 9 cu ft per sec per wetted acre to 
final values under high ground-water conditions of 0.9 cu ft per sec per wetted : 

acre, latter having for many weeks of continuous spreading. 
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LEGEND 
sae Ground Water Contours: 
May7,1941 
April3,1943 


---- 400-~-- (Surface Contours) 


 5.—ComPantson OF | LEvELs AT Fe Dam AND 


When the n normal water table is is less than 25 ft from the surface it has been 
found that ‘spreading quickly builds a water mound up to the su surface of the ; 
“spreading | basins. Consequently the water percolated in these basins, which — 
= normally. descend vertically to a low water table, can only move away 
from the spreading area at its periphery. This indicates the value of elongated 
grounds. Fortunately, the best natural sites are the natural stream 
benches of these rivers. Consequently, the most is often 
the best. shaped and situated area for spreading. Mery 
Tests for effect of various depths of impounded water in basins, relative to 
= rates, indicate that when the percolating water has a free > escape, a 
surface ce depth has little effect. However, ground wat 
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WATER ‘SUPPLY 

with a w ater in the > basin, an increase in the depth from an average of | { 

4 to an average re of 2 ft n may increase the percolation rate 1 as much as 20%. oY, 

_Ground-wa ter mound—that is, the tendency | underground \ water 


urface to build up to a higher elevation immediately under the stream be d ae 


7 spreading area—is probably the most important factor governing percola- 

- tion ie in porous soil. asl Tests along the San Gabriel Riv er have indicated ie 
that, when the normal water table is less than 20 ft from the ground surface, f 4 
continuous percol: tion: -Tesult in the mound reaching the stream surface 


vithin a ‘a period of a few days and thereafter will reduce the percolation r: ate, Ape 


"Hence, the economy of creating water supply i in underground storage a at any § 

oes ‘ation may be affected largely by the normal depth to ground water. Ati 

Data on Percolation Rates.—Obviously, each spreading ground location 

offers s benefits and problems which can be ascertained only from trial operation. 

Hence, a concise summ ary of percolation rates obtained at the several spread- ' 


ing grounds which the District has is operated, together with pertinent compara- 


tive material at each location, should be useful. » | In Table 2, these are. given ok 

for seven s spreading grounds and 1 three additional locations at w hich temporary ad 

_ tests were conducted. A further description of the areas in Fig. 2 and Table 2 Pa 

area is on both sides | of San Antonio \ Jash below the 

‘mouth of the canyon. The soil (Col. 8) is a coarse sand containing: a large 
proportion of § gravel and stones. Subsurface exploration r revealed grav vel, and § 

el containing boulders, as far as the water table. 

Area 11. —This area is the mouth of the Big Dalton Canyon. The oil 

(Col. 8) is a a porous, | gravelly, sandy loam containing a variable pre proportion of hh 

Area 12. —This area is at the mouth of the Little Dalton Canyon. The 

acres (Col. 3) a are only partly The soil (Col. 8) is the sam as in 


6. —This his area is: on the side of the San Gabriel River ch: annel 


below the mouth of the : canyon. The ‘soil (Col. 8) i is a coarse micaceous sand, 


el as that found west and southw est of Azusa, containing large quantities of 
stones. Subsurface >» exploration revealed gravel and id gr avel mi: mixed with b boulders 
lepth of 255 ft. 
toadepth of 255 ft 
9.—This ‘is on the west side of the: San Gabriel River channel. 
In the gross area of 94 acres s (Col. 3) only 73 acres have been developed. The “ 


soil (Col. 8) is a medium textured, friable, micaceous sand containing a pl 4 
portion of fine sand and silt in the subsoil. Subsurface exploration in the s 
upper area revealed: Sand from the surface to 10 ft, sand and gravel to 70 ft, q 
“4 clay to 80 ft, and sand and gravel to 120 ft; and i in the low er area: Soil and sand : 

the surface to 7 ft, sand and gravel to 8.5 ft, fine silty sand to 12.5 ft, 
«i Area 8.—This area is on the east side of the Rio ‘Hondo channel. of the a. 
309 acres gross: area (Col. ; 3), only | 160 acres are developed. Th he maximum 
initial percolation rate at the apex of the ground- water mound (Col. 5) wi as 
2.0 whereas the maximum initial rate for the area was 9.0. — The soil (Co ol. 8) 


is a light- -textured, micaceous, friable, fine, sandy, soil” containing | stratified | 
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deposits of sand, silt, , and gravel in the subsoil. exploration 


vealed alternate strata of sand | sand and gravel layers of clay at depths wa 


Area 1 .—This area is on both sides of Pacoima Wash. The percolation 

es (Col. 6) and the capacities (Col. 7) are averages of 26 days of silty flows eit 
16 days of clear-water flows, the latter on cultivated basins. ‘soil 

=> (Col. 8) i is the same as area 8 except in the south half of t the east side. This 


7 
— 


- part is is Hanford gravelly s: sandy loam, a coarse, | sandy loam with a large | per- | ‘ g 
centage of granitic gravel. Bubsuriace exploration revealed that underlying 
the recent alluvium, at depths of 10 ft to 20 ft, is a less permeable surface of F 

me weathered old alluvium. 7 Beneath this material there is sand and gravel with ow 
20-ft layer of clay ata depth of 220ft. 

- Area 19.—In the upstream part of the San Gabriel Cone, Area 19, the river F “tie 
wash (Col. 8) was composed of undifferentiated alluvial | deposits. It was of 
“generally very coarse and stony soil, the finer material having been. washed 
away. Subsurface explorations re revealed sand, gravel, and | boulders toa depth tre 
of 260 ft. To blast the overflow channel, thirty holes ¥ were driven 10 ft apart | ‘th: 
and 3 ft deep. Each hole was charged - with six Z-in. ‘sticks of 40% dynamite « 


7 which formed craters 3 ft deep. The’ dena contour basins were inter- 
connected to permit the circulation of water. A shutdown of two hours. 
: “resulted i in a 15% reduction (to 85% of 5. 1.0) in the percolation rat rate e for these F co 
-_off-channel basins. The rate of 3.8 is the a average for 72 days. i ‘a ms | sti 
7 NP In the downstream part of t! the San Gabriel Cone, Area 19, the soil soil (Col. 8) he 
differs from the upstream part in that there is a scarcity of gravel and stones 

on the surface. _ Subsurface ce exploration revealed a ‘medium eae to a depth 


In the farthest downstream area on the south side of Rio Hondo (Area 19), F 


= = soil (Col. 8) is a brown, friable, micaceous, sandy loam, open n and porous. Das 
‘There is a 6-ft layer of soil, underlain with sand and gravel. 
‘The area data emphasize the economic use of land by the , basin method. 
Spreading areas 6, il, and 14 (Fig. 1) were set aside as spreading grounds 
land was relatively ¢ cheap. _ Equipment | for development was scarce 
and hence ‘ ‘ditch” spreading sc solved the problem. of conserving the flows avail- 7 
Antonio spreading gr grounds” (Fig. 1 , spreading area, 14) is an unusual 
It lies at the apex of the cone immediately below the. canyon of the 


name. 1 The tributary | uncontrolled watershed of some ne 30 ‘8q miles rises 


sr and i d is therefore often prolonged into the late ‘spring—a “a condition whi hich 
spreading without reservoir control and storage quite practicable. 
f + In order to cope with storm conditions, | basins have been constructed ot on 
‘the east side of the stream, into which flows up to 400 cu ft per sec of sand and 
silt-laden water can be diverted, stored, partially desilted, and circulated for 
percolation. _ These are used but a short period for flash flows, after which 
‘the water characteristically clears rapidly. When the solid content has re 
duced t to 0.5% or less, the water is turned into the ditch and basin system on 
the west side of the stream, These spreading grounds have absorbed prac- 
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J une, WATER SUPPLY 
i tically y all of the dry season flows and a maximum of 26,630 acre-ft, which 
| was 93% of the total ru runoff during the 200% of normal rainfall season of 


+ 1940-1941. . They are practically the sole source of supply, other | than direct 
n TF rainfall, for ee water basins 11 , 12, and 14 (Fig. 1) which are > covered by 


citrusranches, 


il _ Table 2 shows that percolation rates in terms of cubic feet per second per 


is vary widely with location. Maximum initial rates under low 


ground-water conditions are quite high for all locations because these locations 
are on recent alluvial cones or in river beds. 


ig 

of Areas 8 and 9, already discussed in some detail, were recently _— 
ho where land available for spreading i is limited and land costs are high. - During 
_ 1933 Area 1 was ; developed as a model canal and ditch system. Later expe- 


rience pine | from test basins indicated the probability of better economic use 


of the area. Hence, half of the. grounds have been completed recently a as a 
-canal- -basin layout. . rates shown in Table 2 were obtained | during the 


transition and despite. the old alluvium noted at shallow depths, it appears 
that the average rate will be increased to 2 cu ft per sec per wetted acre for 
even slightly silty flows. The ditch system wetted ares ~~ 1276 of the — 7 
while the basin system covers 80%. 


Extended periods of spreading bring into play factors _ as clay lenses, 


‘control of finer ‘sands, spreading of silty flows, and rising ground water. 
| ; study o of the surface soil type, log of subsurface e materials, and depth to water 

| 


Under Area 19 data are tabulated for temporary t test ‘spreading grounds. (1) 


on coarse porous stony ‘soil; (2) on brush land containing considerable gravel; ; 


and (3) on an area in which sand predominates. ~~ 


nos (1) On the stony soil the initial test was in a well-sealed. overflow channel 
in ‘San Gabriel River. Sealing shad been by of silt between 


4 


_ Later tests on the s same type of stony soil were conducted on an off- channel 
area of approximately 15 acres. _ Many years previous, this area had been a 
portion of the river bed during major floods, but was not sealed by either silt 4 
| 4 or calciferous deposits. 3. Clear water was diverted to contour basins which | 
g ‘spilled f from one to the ‘next, ‘thereby providing | slow circulation through; the 
basins. 5 As long as as the test continued uninterrupted, the water sank at the 


to break up this sealing. Its eff effect was 


“until the shutdown of the sandetine dam upstream 1 dried up the basins tem- ‘ 7 
-Porarily, although the soil did not have a chance to dry out. When the basins 
were filled a few hours later, the percolation rate had reduced approximately 

18% 7 A similar | sequence has been noted on several other spreading areas > 
ch | 4 (2) Tests on brush land were undertaken to compare with percolation rates 


on barren areas | which have been scoured by ‘stream flow. Water was sunk 


~ Fe by sheet. overflow and from still ponds as compared with the basins described 


on 
in Bice (1). Although | the > base : soil was somewhat f finer, it is believed that the a 
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WATER SUPPLY 


lack of circulation as well as the fi fines s introduced by grow th of vegetation were 
‘the principal factors giving” a ‘a reduced percolation rate. Experience on 
several soil oil types and wi ith w ater almost clear or slightly y silty h has indicated a 
definite benefit from pond velocities as low as 0.05 ft p per sec. In addition to 

carrying fine particles through the basins, even this slo slow movement discourages 
the concentration of algae and the scum it leaves on basin beds. fr So 
ond (3) Tests on a quite sandy soil i in the flood area of a natural river bed gave 
an ave tagged to check the relation of percolation through the natural crust 


* amount of silt and calciferous action, and that through the 


same ground after cultivation. _ Although the differential found was more 
pronounced than has been in larger -seale operation, nev vertheless 


tr trend wasthesame. 


COMPARATIVE WATER ANALYSES | 


fad It i is pertinent to compare the qualities of the supply rails ible. from sill 
a “mountain and valley : storm waters with other sources of w amie supply available 
to the Los Angeles Basin . Table 3 presents such a comparison through the 
“medium ¢ of samples from storm and after-storm flows, s, which were taken during 
a the storm seasons from 1932 to 1934. The data were ga uthered asa cooperativ e 


project ; of the Sanitary Group of the Los. Angeles Section ‘of the American 
of Civil Engineers and the Flood Control OL aboratory facili- 
ties arranged by R. F. Goudey, M. Am. Soc. an important con- 


4 Despite the fact that it has been several years since the data were obtained, 


it is believed that the ve alues on other supplies | are _ representative with the 
exception of the water which the _ Metropolitan Water District is furnishing 
Coastal Plain from its Colorado _ Although 


_ The pH- value of the local mountain sain an food w Ww ater averages about 
‘f 7. 6, V which is comparable to other supplies. ~ Chlorides are all within the drink- 
ing water range a and generally average the s same as other available supplies. 


_ The total hardness is less or not g greater than the av erage local supply, 


ae Nitrites and nitrates are generally lower : than free ammonia, showing that 
there is 1 nitrogen that needs to be oxidized in order to have stable water. 


Howe ever, ‘most ‘samples show sufficient dissolved oxygen to. ‘accomplish this 
oxidation. Organic nitrogen was generally equal or less than. that i 
~ aqueduct w water. The higher values w ere from the upper Los ‘Angeles River— 
that is valley water having its source in farming lands. 


“The comparison of dissolved ren and oxygen demand as show n by 


1 of the 5 5 was an storm flow, indicating tutther 
of the stability of the water. The majority of mountain water samples com- 


well with those from the High Sierras in by the Owens River 


Color and ‘turbidity, and “suspended “solids furnish the prime difference 
between : storm waters and other supplies The afters -storm flows 
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better in respect to these factors and reservoir storage readily corrects the 
excess derived from storm flows. 8 a, 


_ The greater part of the total solids i is ie, of i suspended solids. T he 


analy: sis divided suspended s solids into the subdivisions of quickly falling solids 


‘TABLE 3. —ComParRIsON or LOCAL Storm WATERS WITH OTHER SOURCES 
Water Suppty AVAILABLE To THE Los ANGELES BasIN 


Los ANGELES AREA* 
+ 


escription: 


i e rer 
asin Aqu Riv er 


snow | duct | Gallery 
During After During | After | (Crystal aiid. 


| pap 

q 


44 
Potential of hydro- | 
gen (pH). 
Parts _per 
by W eight: 


— 


1 
37 

8. 
27 


0.04 | 
0.48 


NHs... 
Organic nitrogen 
Dissolved Oxygen 
(D.O.). 
Bioe hemical oxy gen 
demand (B.O.D.). 
‘olor Range— 


bo 


- 


Turbidity Range— 
Minimum 


‘Maximum. 500 3,800 | 5,000 | 4,50 
Total Solids Range— a 


uspended Soli 
Maximum 94 |30,550 
Organic and Volatile | 


Maximum 4 260 1,885 2 


a aw erage of total samples (see last line) except as otherwise noted. % Los Angeles experiments under the 
of R. Goudey. Ay erage computed less than the number of comptes, Not 


4 and those | remaining in suspension. ‘The division was found to be at a size — 


approximately 25 microns. The data from this division indicate that more 


than 507% of pte suspended solids might be classed as quickly falling—that i is, 


drop immediately upon contacting relatively still water. 
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WATER 


these supplies through artificial is emphasized 
recent war-industry draft and the fact that approximately 75% of the water 
‘sapply of the area is derived from this source and direct mountain stream flow. 
It is hoped ed that this paper will ‘stimulate i interest in the presentation of 


data on man hases of this work. 
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ULAR TUNNELS IN PLASTIC SOILS 


P. Krynine," M. Am. Soc. C. E. The pt possibility of transfer 
of the w eight of the overburden above a tunnel to the adjacent earth or rock mass" 


is evident from the simple analogy shown i in Fig. 13. If mows A (weight W V) is is 


fom 
pressed between two plates" B, it will not fall, 
Provided the force of friction between body 
and plates B balances the we weight W. - system 
of shearing stresses acting upward is created in 
body A. Presumably, this system of shearing 
stresses extends into plates B. Another set 
shearing stresses is created in plates B to caieen. 
the former system and to transmit the w weight We 
to the earth. . This analogy corresponds — to il 
ease of a tunnel in rock which n may be in equilib- 
um wv without lining, or to the case o of | holes pierced Po. 13. — oe 


‘in a masonry wall, 


to prevent body A from falling, an upward foree F, with a a . value less than W, 
-Inay support body A in equilibrium. Ih this case, a Sy system of shearing stresses 
with a resultant W — F is set up in body A. Shearing stresses in plates B- a 
transmit pat part of the weight W- F of body A to the earth. This. situation 
_ corresponds to that in a tunnel provided with lining or to the redistribution > @ 
of the weight of grain in a bin. The force Fi is analogous to the pressure ab- 


— 


7 sorbed by the lining « of a tunnel or by the bottom of a bin, respectively, whereas 
: the > balance: of the weight W — F is transmitted to the mass surrounding the a 


tunnel or to the walls of the bin, ‘respectively. Secondary forces and stresses 


pom - Norz. —This paper by D. P. Krynine, M. Am. Soc. C. E., was published in Mes, 1944, Proceedings. 

Discussion on this paper has appeared i in P roceedings, as follows: September, 1944, by M. A. Drucker; and 

ts 1 Research Associate in Soil Mechanics, Dept. of civ. Eng., Yale Univ., New Haven, Conn. 
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KRYNINE ON PRESSURE IN PLASTIC SOI 
are ape into the mass during construction of a tunnel so that the analogy : 
of Fig. 13 -may be complicated or altered. 
= Two ex extreme cases of circular tunnels i in plastic | soils are: (a) Circular. holes | 
in » glactie rocks such as granite or basalt, when no lining is required because 
4 of the high shearing ‘strength of the rock material and (b) circular tunnels in 
4 silt 0 of a the Lincoln Tunnel type. 
‘lassified between 


the two oO 


_ 


Shear - Diagram for the Case of a Tw nnel in Rock.—Fig. 14 represents a eireu- 
ie hole i in rock, the radius of the h hole being 1 r and the height of the Ov erburden — 

ye - above the level of the sides (haunches) being h pit Because of sy ‘symmetry, there 
my is ‘nov ertical shearing stress along the center line OO’. The w eight. of the 
"part of the overburden AOO’ B, separated from the remainder of the mass by. 

- section AB, is carried by that section in cantilev er action. — The average shear- 
ing ‘stress n tons per square foot) a acting along § section AB equals AOO’B 

(in square feet), divided by ordinate | AB (in feet) and multiplied by the unit 

Ww veight: of the rock material (in tons per cubic foot). The shear di: agram, at 
the bottom of Fig. 14, has been plotted for a a . shallow tunnel (h/r = =2 ) and a 

— vip tunnel = For sight of the 
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be for the actus ral ratio of he ral ‘and scales. 


‘Fig. 14 it is ev ident that the stress at the chaunches) of a 


of the tunnel in feet is ae: unit 4 of rock material in. 
pounds) per cubic foot. Assume tl that the maximum shear on n some oblique 
plane may be twice the vertical shear; then it m: ry be concluded, as as an example, 

that a eireuls ur tunnel (r = 30 ft) would stand without lining at any depth in 

rock W eighing 160 Ib per cu cu ‘ft, if the shearing strength of that rock is 2 x 30 
x 160 = sas 9,600 Ib per sq f ft, or about 66 lb per sq i in. Although the diagram i in ; 
Fig. 14 shows that the av erage se shearing stress at the sides (haunches) ofa 
tunnel in rock, without lining, increases only slightly with the depth of the 
“toma, geologic: il conditions, , Such as fissures or cleav age planes, may change 

a Ina ‘semi- -infinite mass, of rock or of earth, there is a certain ratio between 

the horizontal and vertical pressures which is ‘constant. It is termed 

“coefficient o of pressure at rest” and is often designated by the symbol K.. 
As soon as a tunnel is constructed, the value of K, next to the tunnel (and, 
theoretic ally, throughout the entire rock mass) decreases. The oefficient of 
pressure at rest preserves i its original vi ilue K, only | at an infinite distance from _ 
the tunnel. | Thus, ‘the mass tends to move toward the tunnel; hence, the hori- 

_ zontal shearing stresses acting against the impending mov ement of the mass 
are direc ted from the tunnel. ‘Shearing x stresses in the ov erburden. C00’ D 
(Fig. 14) itself obviously act in the same direction (shown by an arrow in 
Fig. 14). Sines there is nc no horizontal shear at infinity, the 2 diagram o of shea ing 
stresses b beyond the sides (haunches) of the tunnel must have the shape in indi- 
cated by the dashed lines i in Fig. 14. ‘The. shape of the shear-stress diagram 

“or deep tunnels suggests the possibility that the maximum average shear may 


Bc somewhere beyond the sides (to_ the left of the haunches in Fig. 14). 
It is needless to add, however, that both Figs. 14 and 15 are considered simple 
- freehand sketches and that no attempt has been made to correlate Fig.14 
with Fig. 15. Both of these illustrations are intended to furnish qualitative 
ma The shear r diagram i in Fig. 14 refers to both horizontal and vertical stresses. 


It may be concluded that the v weight of the rock mass close to the boundary i is 
Telieved by shearing x stresses not only above the tunnel but also on both sides 
of the tunnel; and nowhere close to that boundary is the mass overloaded. 
To. determine what part of the mass takes care of the relieved w reight, the 
pattern of principal stresses around the tunnel must be considered. Ty Sante te 
Principal Stresses Around a Tunnel in Rock .—Before the construction 0 of 
‘the tunnel, the principal stresses run vertically (the | major principal stress) and 7 
horizontally (the minor principal stress). This original pattern is shown in 7 
‘15(a). Since the piercing of a circular hole originates shears both verti- 
“cally and h orizontally, the di directions of principal stresses change. However, 


a major - principal stress (for instance, that emanating from point 2, Fig. 15(b)), 


June, 1945 KRYNINE ON PRESSURE IN PLASTIC SOILS — 
| 
7 stresses (tons per square foot) being the same as that of horizontal distances =—s_—> na aera 
; (in feet). To use this diagram, the ordinates must be multipled by the actual — 7 a 
aft ao matarial (in tang ner auhie foot) and due cearrectinn mue¢e 
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 KRYNINE | ON PRESSURE IN PLASTIC SO 
a after being distorted by the shearing stresses, tends to return to its original 
vertical line, reaching the line at an infinite depth below the hole. This is 
’ “necessarily so, since at an infinite depth the hole exerts no influence. Since the 
- major sainadged stress above and below the hole is distorted in two opposite 
% ‘directions, the ‘shearing stresses above and below the tunnel act in opposite 


mAs 


‘directions. Thus, the relieved. weight close to the | boundary of the mass is 


transmitted to that below the sides sides (haunches) of the tunnel. weet 


BEFORE CONSTRUCTION 


asymptotes at an Infinite Depth: 


Tay 15. oF BeEroreE (a) AND AFTER Construction 

= = , A TUNNEL IN Rock, 


4 The vertical shearing stresses, which relieve the weight of the silt mass, be- 
come .e changed i in n sign ¢ at the horizontal line pa passing through the sides (haunches) i 

- of the tunnel H (Fig . 15) so that this horizontal line is the locus of zero vertical 
horizontal shear. Mathematical analysis (which i is beyond the scope ye of 


this paper) may show a more precise position of the locus. — The principal 


> 


_ stresses along the locus in question are vertical and horizontal; hence, the 
tangent to the distorted trajectory of the major principal stress is vertical. aa 
“4 _ The trajectory of the major principal stress at the center line of the hole 
Ss of two vertical straight lines and a _ semicircumference belonging to 
: thet hole. _ All other trajectories of major principal stresses (for instance, the 
_ trajectories emanating from point 2, Fig. 15(b)) consist of four distinct parts: 
@: From the boundary to which the trajectory is normal to the inflection point nt 
A; (0) from the inflection point A to the intersection with the locus of zero 
"vertical shear (point B); (c) back to the inflection point C, and (d) finally to 
infinity. . The vertical shear along the from zero at the 
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~ boundary to a maximum at the inflection po point A. Another maximum value, 
but of the opposite sign, is found at the inflection point C. At the center line | 
of the hole, 0’ and O” are considered inflection points. 
 Arching in Rock. —It has been suggested that an arch forms in the material 
above the tunnel. — As far as rock or other homogeneous plastic material of | 
considerable shearing - strength i is ; concerned, there is no such arch. — - The relief 
in pressure above the tunnel is due to the action of shearing stresses which 
transmit part of the weight of the rock mass close to the boundary to the lower 
strata. As the result of the action of the shearing stresses, siraight trajec- 
i: of major principal stresses become distorted as in Fig. 15(b). —_ 7 


he 4004: 

yet 


Earth Surface 


DEEP TUNNEL 


nsu cient Shearing Strength the Plastic aterial Surrounding 
j Tunnel. — —If a lateral support of a semi-infinite mass (such as a retaining wall) 


yields, a w edge separates from the remainder of the mass. In a similar 

ae EF the lining of a tunnel i is flexible and yields, there may be considerable settle- 


ment above the tunnel which is ; analogous: to the yield | of a lateral “support. 
n both cases, a failure line (sliding surface) 1 is formed. In the es case of a tunnel, — 
this failure line bounds a closed zone in which rock or clay material tends to 


> of 
eal descend tows ard the opening. J. R. Dinsdale has shown” how the material 
a? falling from the roof and sides of a mine tunnel was gradually replaced with © 


ad | logs. until the fi final closed failure zone was reached. Fig. 16 shows schematically a 
. a closed and an open failure zone, the latter taking place if the tunnel is a re 
‘Telatively short distance underground. R. Fenner makes some simplifying 

‘the assumptions and, using abundant mathematics, even determines the » ratio of 


the axes of the elliptical failure line.* This ratio is given as tan | “ 2 


_2“Ground Pressures and Pressure Profiles Around Mining Exeavations—1, J. = 


Engineering, December, 1935, Fig. 8, p. 409. Res 
18 ‘Untersuchungen zur Erkenntniss des by R. Fenner, Vol. 74, 1938, Pp. 
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¢ being the angle of internal friction of the material in which the ay! is s built. 

ee: to Mr. Fenner, in the case of a shallow tunnel, the failure. lit line is. 
parabolic. Of « course, the question of the theoretical shape of the failure zones” 
above a tunnel is subject to ‘discussion. — The writer believes, however, » that. 


the basic idea of a closed failure zone above a deep tunnel, or of an open failure 


gone in the case of a shallow tunnel, is sound. . The same ence as those 
a hole pierced i in rock may b be applied to a closed failure zone. Thus, the | 


‘distorted trajectories of m major “principal stress run around the failure 
7 - zone, an and the weight of of the material a above the > zone is transferred by t the shear- | 
ing stresses to sections at and close to the bottom of the failure zone. The 
lining i is loaded by the weight of the material inside the failure zone only. 2 


_ Before applying these considerations to tunnels in silt of the Lincoln 
4 Tunnel type, it is necessary | to determine whether a failure line due to down- 
wa ard motion of the silt material may be formed above a tunnel of this type. 
4 It should be realized also that, in a general case, , shearing stresses above the 
7 - tunnel are due to two causes—(a) consolidation of the silt layer of variable: 
‘thickness, and (b) deflections of the lining. when no failure zone 
Brey there are upward shearing stresses, the magnitude of which is controlled 

y the whe: of the vertical due to causes (a) and (b). 
> Subaqueous Tunnels in Silt Constructed by the Shield 1 Method. —The pressure 


° 


a on the lining of subaqueous tunnels in ‘silt, constructed by the ae method, 


_ (1) When the lining is shoved and the bulge i is being formed, a frictional 


| 


along the shearing surfaces (Fi ig. -2(a)) acts ; downward, increasing 
the preconstruction wel eight of the o overburden. — _ This increase in w eight lasts 
‘until the bulge s starts moving downw vard. It is quite possible, therefore, that, | 
on July 8, 1935 (see Fig. 7 and Table n pee was an overload at the center 
line of the of 1. 6 per in. (The is during shovi ving 


tions are by erosion, ‘dredging, ard shear are per- 


hap somewhat redistributed. 4. 


(2) Because and especially dredging of the | 
on the lining decreases. 7m At the same time two processes start—consolidation 
of the silt mass above the lining and healing of of bonds along the diding s surfaces, 


as shown in Fig. 2. In stage 2, the | pressure on the lining first decreases to its 
preconstruction value and afterward becomes less” than that value. his 
Statement is made with the understanding that a correction for compres 
ae (3) Consolidation and healing of the mass proceed, whe the pressure on nthe 
lining: ‘decreases. _ Examination of Fig. 3 shows that tunnels of the Lincoln 
Tunnel type are too shallow to develop a closed failure zone at this stage. In 


an, it is possible that an open failure zone such as that shown in Fig. 16(0) 
: i form since there are already sliding surfaces, as shown in Fig. 2. Ex- 


amination of Fig. 7 reveals also that the shearing stress at the sides (haunches) 


‘the tunnel equaled the shearing strength of the silt. Henee, 


du 
Th 
onl 
Lit 


by 
4 

eal 
de 
col 
the 
pre 
pre 
— 
ma 
Th 
— 
the 
pal 
the 
— of | 
Tes 
— Tu 
= 
sor 
- 
Sin 
for 
er 
ma 
) 


RYNINE ON PRESSURE IN IN 


by making it more flexible, in the.case of the Lincoln Tunnel there was little 
chance to do so. _ The odieving shearing stresses at this stage were mostly 
due to differential settlement (that is, to differences in the thicknesses of the — 
consolidating silt lay er at the center and at the sides (haunches) of the tunnel). 
The question ‘ ‘For what period of time will this relief exist?” ’ may be answered 
only on the b bs asis of the existing data—for about 2: 53 days i in the case of the 
Lincoln Tunnel and for about 90 days i in the case of the Detroit Tunnel. i 
- (4) ) The final stage, if any, could be characterized by the tendency of the 
earth mass to return to the preconstruction stress c ondition. T The record period 
in the case of the Lincoln Tunnel was too short, and there is no 0 published evi- 
dence of of ‘such 'return. The Detroit T Tunnel data cannot be applied to the > Lin- 
coln Tunnel uncondition: illy since the method of construction in both cases 
was not the same.  Thew riter does not know whether or not, in a general case, 


the plastic mass, in whic h a circular tunnel is built, returns completely to its 


ertical and Horizontal Silt Pressure on the L Aning. —There was a relief 


in weight c of the overburden in the case of the equal to about. 
“a 10% at the sides (haunches) and to practically nothing at the center line, the 
average relief being about 6%. The diagram of actual vertical silt pressure 


- “may be obtained easily from Fig. 3(c) by introducing corrections from Fig. 7 
“ The diagram in question is not a rectangle as is sometimes assumed. — 


‘ In regard to the horizontal pressure on the linin ng, the v writer believes that 
he Rankine formula is applicable—at least at the > upper part of the tunnel. 
ing Tobe more pr precise, , there is triangular lateral pressure distribution in the uy upper 
sts - part of the e lining. _ The question of lateral pressure is closely connected with 


“that of the angle of internal friction i in silt (or a similar value ¢ of the angle wt: 


ing of 20° + and, using a a computation 
ce, results very close to those measured during the construction of the Lincoln 
yer- F Tunnel were obtained. — With an angle of internal friction of 9°, and using a 

“somewhat different computation procedure, acceptable results may 
ure - tained. In reality, neither 20° nor ° is a correct value. f The angle of internal - 
hon of nonconsolidated plastic clays. (and the Hudson Riv er silt is very 


ces, - similar to such clay) is not far from ze zero. ._ The writ riter believes firmly that t this — 
) its ; is true for the Lincoln Tunnel silt. Additional empirical formulas for the 


Phis ; "determination of the lateral pressure in the Hudson River silt may be proposed, | 
sed F for instance : “Compute the hydrostatic | pressure e at the given depth and add 
10% for silt action. ” Buch a recipe furnishes even better results than the 

- yh another tunnel is ever built in the Hudson River silt, the lateral pressure 
may be computed in the foregoing conventional m; manner by assuming a 20° 
angle of friction, "provided, however, that such a new w tunnel is driven to the _ 
same depth and under the same loading conditions as the Lincoln Tunnel. © In 

such a case, however, it is easier to scale the lateral pressure e directly from Fi ig. 9. 7 
nee, fF) Shea ing Surfaces ; Angle of Repose of the the ‘Sut. —As Mr. Bird ‘Tightly states, 7_ 


wee 


ning Be ‘tous straight-line surfaces in Fig. 2(a) are re only crude approximations. 
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which Mr. Drucker attributes to Jacob F eld, 5M. Am. Soe. .C. _E. 
namely, that the angle which the shearing ‘surfaces make with the vertical 
equals the angle of friction—is also perfectly correct, provided, however, that 
the soil under consideration is cohesionless sand with an angle of friction of 30°. 
However, this condition is not true for the Hudson River silt. — Some idea of the 

“angle of repose’ of the ‘Hudson River silt is afforded by the following fact 
~ concerning the organic silt j in the Thames River in Connecticut (which is very 


‘similar to that of the ‘Hudson River). During the construction of the sain 


on a slope of one to. one ae 


Tn other words, the repose of the silt in question is 45°. Obviously, 
aa value is only ay apparent and i is due e to the cohesion of the material. — The 
ow riter has had. opportunities to observe the behavior of the Thames River silt 

1. _ when excavation for the piers of the highway bridge (opened i in (1943) was in 
"progress. Large silt blocks extracted from the bottom of the river main- 

their shapes—sometimes with practically vertical fi 
Tangent to the Shear Diagram at the Center Line of the Tunnel. —The » writer 
originally a assumed that this is tangent to the diagram of of the relieving shearing 
Stresses at the center line was horizontal. WwW hether or not this assumption i is 


true can be determined only from a considerable number of observations. 
In any case, the writer does not insist on this horizontality, especially because 
in the tiara, Fig. 14, the tangent in ‘question is oblique. Po It should be ex- 
_ Plained, however, that the >» angle i in Fig. (14 varies according to the change in 
ratio of the vertical and horizontal scales of the. drawing. 


Bors Compressed Atr Action, Passive Resistance, and Soil Constant —Ifa. circular 
4 “metallic tube of a certain thickness is subjected to internal pressure, stresses 
develop i in the tube, the radial stress at the outside surface of the tube being 
zero, because of boundary conditions. — If the tube i is buried in earth, the tube 
and: the surrounding earth mass work as a | unit. The combined system “tube 
plus soil mass” may be visualized as a tube of a very large (in some cases 
infinite) thickness made of a , nonhomogeneous material; and, if the tube proper 
is Subjected to internal pressure, the entire mass of surrounding soil is : stressed, 
the radial stress being zero only at the boundary of that earth mass (in | some 
cases at infinity) . At the outside surface of the tube proper, there is a radial 
= os ‘Since action and reaction are equal, the radial stress equals the stress 

n the earth mass sat the given point. 

If the soil mass surrounding the tube in question is loaded for the first time, 

the use of the ‘ ‘soil constant” is fully justified ; but, if the soil mass is already 
heavily stressed, an additional stress increment would produce only a very 

restricted Stress-strain diagrams of a heavily loaded soil mass 
illustrate this fact clearly when a further increment of load produces a sul 


prisingly small strain. _ Thus, in the design and analysis o of earth structures, 


Proceedings, Brooklyn Engrs. Club, Vol. 22, No. 2, January, 1924, p. 33. 
“4 “The Building Record and the Sanitary Engineer, October 11, 1890, p p. 296. 
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so-called ‘soil constant” is a conventional ‘ ‘tool’”’ used by some tunnel 
designers for convenience in computations. . Deflection values computed using 
the “‘soil constant” are excessively large if if the mass has been previously loaded. 
Therefore, the 1e belief that pa passive resistance of a certain ‘magnitude can be de- 
veloped only by producing the displacement computed from the corresponding 
Conclusion —The writer greatly appreciates the v: valuable discussions by 
Sonim. ‘Drucker and Bird w hich have offered the writer an opportunity to 
clarify several important points i in the theory « of tunnels. - Many thanks are due 
to both discussers for their painstaking w ork. Many more field observations, 
analyses of data, and discussions by the profession ai are needed, , howev ‘er, before 
the problem of pressures on tunnels can be definitely solved ee 
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Discussion 


‘AucusT. 


Aveusr AuLF, Jun. Am. Soc. C. E. Ma_The discussion by Mr. Jameson, 
dealing v with beams having haunches of infinite depth, is a Ww releoome addition 
to the paper. _ This phase of the analysis of haunched be beams is somewhat 


‘simpler than the. case of beams w — depth of haunch in that one set 


"The ¢ general iin: of column oe as presented in the paper may be 


made to apply to the case w here the beam has haunches of infinite depth. The ' 
expressions representing the constants of Eqs. 2 4, , and 6, resp will 
then be as follows: In Eq. 2 


in Eq. 6— 


— 
values. of C2) in Eq 16 and (— C, + C2) 
Eq. 16 may “ay obtained by computing “the area and locating the center of 
"gravity of the area of the moment diagram which lies between the haunches. 
As the depth of the beam (and hence the moment of inertia) is constant through- 
- out this reach, these values n may be - computed from the geometrical properties 
of the moment diagram without any difficult integration. For the case of a 
‘uniform load or a concentrated load, Eqs. ‘49, 51, and 52 may be used if desired. 
The author regrets that the > scope of discussion did not permit Mr. Sherman 


to include a detailed illustration of how the Ruppel tables and the — df 
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AHLF ON HAUNCHED BEAMS 
al 


“superposition ¢ ont have been used to simplify the solution of nonsymmetrics 
haunched beams. _ A comparison of the relatiy e accuracy and the amount of 


labor involved would have been of interest. 
_ Mr. Rea has demonstrated ably the procedure tc to be followe in 

analogy, - solution of haunched beams by dividing the member into a n 
segments. 2} The close agreement between the results obtained by this approxi- 


mate method and those obtained from tabular r values is gratifying . The erent 


‘computations no doubt explain | this a agreement. 


‘The truth of the statement— —‘‘the product of the factor 
from the end and the stiffness factor at the end i is constant for a given beam” 7 


i —may be demonstrated by r rearranging Eqs. 14a and 14b and equating: 


The term, absolute ove moment was used with The 


factor. is important tat wines not 
stiffness factor be used. The w word, ‘absolute,” jas applied to cases so 


Mr. Hosig’s that he ‘ the tables a very addition 
to his ‘tool kit’’’—even though only as a check for the results obtained by r 
other, more laborious methods. After several hours have been spent in setting 
up the fundamental equations involving the slopes and deflections of a member, 
such as in the illustrative example, and in evaluating the resulting integrals, 


the values in Table 1 should give a convenient, accurate, and useful check of 


cat A discussion of the ‘slopes, deflections, and curvatures, of the haun 


bea 
“was avoided purposely. The primary objective of the p paper was to present a 

‘Tapid a and accurate method by which the structural designer could obtain the — 
“stiffness factors, carry-over factors, and fixed-end moments for the nonsy: m- 

“metrically haunched beam. it was presumed that an academic discussion wai as 


“not required as a designer ¢ qualified to perform this type of analysis 1 must be — 4 


od Mr. Hosig’s statement that there is an insltentton of error resulting hee the 


viewpoint held by the Ww Titer is incongruous with his later statement that 


were checked | by the classical method and ‘no “errors” 


‘The 1e writer prefers to consider the phenomena of the induced or carry-over 


moment as actually existing in a structural frame. In the method of 
4 eee fixed- end moments, each joint of the frame i is considered to be held © 
-‘Tigidly against rotation ‘while the frame is subjected to loading . As each joint 
ls released successively from restraint, the ends of the members, which com- 
prise the joint, will be rotated “because the » unbalanced moment has. been _ 
The of each held, will have 
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end experiences. procedure seems than the pony 
sideration of each member as an isolated cantilever which is permitted to 
- deflect and i is then restored to its original position by the a application of a force 
The: statement that the induced moment can be no part of the applied 
moment i is not ‘consistent with structural theory. _ There are many charts a1 and 
- tables available whereby the | design “constants may be obtained for members 
_ with a haunch at only one end. ' The method presented is applicable, although 
- not recommended, for this case. | The procedure to be follow red i is the same as 
that outlined in Examples 1, 2, ‘and 3 In this case, ., howev ever, , the length of the 
haunch at the small end should Id be considered equal of 


Table: » 1 under the heading of a = 0 must be used. 


Corrections for Transactions: In October, 1944 , Proceedings, in Table 1(f) 


and 1h), page ‘1241, substitute the following values for a = 0.2: 


0.0451 


0.0437. 
6 0.0340 ben “tt 0426 


60.0412 
0.0405 
0400 
0.0395 
00315 
’ jc 1243, line 3, change “rotate the free end” to “rotate the — end”; 
on page J 1253, i in the definition of Q;, change ‘ ‘statical moment of load acting 
on n analogous ‘eolunan’” to‘ ‘statical moment, about the center of the s span, _ of the 
“a The e corrected forms of Examples 3a and 3b are as follows: ba 
“Find the end for a triangular load totaling Wy ‘pounds, 
: "having the small end of the load at end 1, for the beam shown in Fig. 4. (Values 
of A, @a, Li, Ls, and Q, are as taken from Example 1.) MY 
"Load 0 on the Analogous Column. —From Table 1(f), using a; and d, to find 
and from Table’ 1(h), using and dz to find Cry + C2 = 0.0329 
+ 0.0454 = 0.0783. . With these factors known, Eq. 15 becomes _ a iv 


— 
a 
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nih 
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=, 


Ju 
— 
5, “Statical Moment of Load. —From Table 1(9), using and d, to find 
and from Table 1(i), using az and dz to find + 0. 
= 


0. 0085 = 0.0038. ‘With these factors known, Eq. 16 becomes 


 _. 0.0038 W L* 


Then, ad Eq. a 
0. 0038 WL 0. 0783 


0. 


0. 04 55. 
‘Similarly, applying Eq. 18d to determine | the fixed- end moment at end 2, 
EM = 0.0974 WL + 0783 X 0.0147 9 0.1092 W 


Find the fixed-end moment for. a snliaatiia load totaling W pounds, having 
‘the large end of the load at end 1, for the beam shown in Fig. 4. (Values of 


Ly, and | are &s taken from Example 1. 


— 


W _ 0. “ W 


(— 0.0092 — 0.0388) L = 0.0480 L 


@ 


to : 
ree. — 
ied 
nd — 
eh 
— = (0.0485 — 0.0338) L = 0.0147 L....... 
“Fized-End Moments—Applying Eg 18a to determine the fixed-end— 
"moment at end ad # 

| 

| 
| 

dad onthe LOLUMN.—FYOM Lapie using a; and to find 

_ and from Table 1(f), using a2 and d, to find C-—C, + C2 = 0.0407 + 0.0356 hee 
nd”: = 0.0763. Eq. 15 then 
“Station Moment of Load.—From Table 1(7), using a; and d; to find 

and from Table 1(g), using a2 and to find Ci, +C. = — 0.0067 
+0.0060 = — 0.0007. With these factors known, Eq. 16 becomes 
find 
0329 
= — 0.0092 L.......(40a) 
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End Moments. Eq. 18a to determine -end 


0.0763 WL? 0.08036 0.08036 


FEM = 


‘Similarly, epplying Eq. 186 to determine the fixed-end at end 2, 
0.0455 
5338) W L = 0.0613 W L 
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CONSTR CTION OF T THE FLOW NET 


“HYDRAULIC DESIGN 


By H. ALDEN FosTER _ 
li 


H. ALDEN Foster,® Am. Soc. C. E. fact that so SO little 
has been submitted on the paper might seem ‘to indicate that there is not much 

‘ - general interest in the subject of flow nets as s applied to hydraulic design. How- | 
ever, as noted by Professor Howe, the flow net has been used to good advantage 

in problems of two- flow. In the writer’ s opinion, the 

_ graphical method described in the paper does materially assist in the e construc- 
tion of the flow net; and, in many cases, the method should permit a much more 
precise dtecuduation of the velocity distribution, which, as a rule, is the pri- 

_ mary purpose for which the flow net is constructed. . eee i 
The: extension of the graphical method to problems of three-dimensional flow 
has seemed to the writer to be logical, provided that the radius of curvature of 
the streamlines, | in ‘space, is is not appreciably different from that for tw o- 
dimensional flow. Such an assumption is subject to verification by experiment. 
‘Unfortunately, there are few experimental data available on which to base a 
reliable test. The application of the graphical m method to the experiments 
-_(8)%* by Cecil S. Camp, Assoc. M. Am. Soc. C. E., , as noted by Professor Howe, 
indicates at least an approximate agreement when ‘applied to a three- ‘dimen- 


flow net for any ts 


~ model test. However, model tests are often expensive : and time consuming; — 


and, in . general, it should be possible to prepare a flow net at a considerable 7 
rom in cost and time. Even if if a model test is to be conducted, ‘it may be 
worth while to make a preliminary flow-net study a as a guide to the construction 7 


_ Norre.—This paper by H. Alden Foster was published in May, 1944, Proceedings. - Discussion on this — 
paper has appeared it in | Proceedings, as follows: January, 1945, by J. W. Howe; and March, 1945, by Clarence 
Designing Engr., Parsons, Brinckerhoff, Hogan & Macdonald, New York, N. 
Numerals in parentheses, thus: (8), refer to corresponding items in the Bibliography 
1 of the paper), and at the end of discussion in this i 
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OST "ER ON FLO 
testing of the 
“the flow net should be wor th consideration by the 


a Mr. Jarvis seems to be under the i impression that the writer’s primary inten- 
tion was to present a method for the design of ‘‘morning-glory”’ spillways. 
. Actually, this problem was discussed only for the purpose of illustrating the 
application of the flow-net method to the more complicated conditions of three-_ 

dimensional flow when one boundary of the water passage is exposed to the 

atmosphere, 

_- The writer is in general agreement v with most of Mr. Jarvis’ comments on 

_--: morning- glory spillways. _ How yever, this subject is entirely beyond the scope 

of the paper. Consequently, it does not appear advisable to discuss the ques- 
tions raised by Mr. Jarvis. In the writer’s opinion, no adequate treatment of. 

_ the complete theory of the design of such spillw ays has yet been published. — He 

hopes, however, that the present paper may prove useful in the « design of 

_morning-glory spillways as well as in that of many o other ler types” of hydraulic 


- of Circular Cecil IW. Howe, En- 
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WATER 


F. NEMENYI, 56 inve stigations made by Professor Vanoni 


transfer in the c cross s section of. a conduit ‘seems particularly valuable. “The 

highly controversial subject of secondary currents, too, has been advanced 7 
considerably by the author (see heading, ‘ ‘Discussion of Results: : Secondary 
= Due to by the phenomenon observed conn 


444, lin 


LAT 
18.—ORIGINAL OBSERVATIONS ON SECONDARY CURRENTS 


al 


‘The first’ on subject were made by the German geo- 


physicist, ‘Max Méller,®* and the American hydraulic engineer, the late F. 


7 Stearns,’? M. Am. Soc. C. E., simultaneously and independently of each other 
Su, Note —This paper by Vito yA. Vanoni wa was as published in June, 1944, Proceedings. Discussion on | on this 
a paper has appeared in Proceedings, as follows: December, 1944, by Ralph W. Powell, and E. R. Van Driest; _ 

February, 1945, by Weston Gavett, and Berard J. Witzig; and March, 1945, by A. A. Kalinske. or 


56 Asst. Prof., Mathematics Dept., The State College of 
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perfectly s symmetrical parts tending toward the middle of the open conduit at 
& the top a and tending outward at the bottom of the open conduit. 18(a) 
-Tepresents- the Méller interpretation of this flow. The ‘phenomenon \ was 
= rediscovered, independently of both Messrs. Méller and Stearns, by A. . 
- Gibson,** in 1909 (see Fig. 18(b)), who found the order of f magnitude of the 


cross- -velocity component t to 5% of the longitudinal main velocity. 
Gibson’s investigations seem improve ‘upon those ‘of Messrs. Mdller and 
a Stearns both as to exactness and range of observations. , Mr. Gibson found 


the surface convex whereas Mr. Méller thought it to be somewhat concave. 
There is a good theoretical reason to believe 
that in this point Mr. Gibson’s observation is 
correct, because roughness protuberances, like 


any other obstacles, tend to produce 2 a locally 
lowered average pressure. The theoretical 
planations offered by Mr. Moller are “begging 
the question,” whereas” those by Mr. Gibson 


-appeartobeobscure. = 
‘The three independent investigators agree 
remarkably well, in assuming the simplest 
(a) TRIANGULAR SECTION general pattern of secondary -cireu- 


lation. This very reassuring findin , which i 


Isovels by Prandtl accepted by most hydraulic engineers, 


Secondary Currents Sketched by js e mor r f 
Prantl and () the challenged by the more elaborate research o 


40 7 - 
refer 1 ‘mainly to closed conduits (see Fig. 19), j = 
their implications for open channels and rivers — 

RECTANGULAR SECTION are obvious. Prandtl’s starting ‘point is 


Fre. CURRENTS” the surprising shape of the “‘isovels’ "in a a closed 


conduit with | turbulent: flow. The following 


Se translation (by the wi riter) w ‘ill give an idea of 


experimental facts facts and t the hypothetical conclusions based upon them | by 


7 “Instead of a velocity distribution having increasingly rounded (convex) 
-isovels proceeding inward, as they are known in laminar flow, remarkable 
‘tenes of velocity distributions are found, as shown by the particularly 
surprising illustrations for the rectangle. For a long time no reasonable 
explanation was attainable. A paper concerning some old observations on 
 helicoidal movements in nena channels gave a clue which led to an 
= adequate explanation. The water in any conduit with a noncircular cross - 
section has such a secondary movement that in any corner the secondary 

; movement is directed along the bisectrix of the angle toward the corner, | 
a whereas, along the adjoining sides, the secondary movement is away from | 


39 **Hydraulics and Its Applications,” by A. H. Gibson, D. Van Nostrand Co., 3d Ed., 1925, p 331, 
"4 ie the article ‘‘On the Depression of the Filament of Maximum Velocity in a Stream Flowing 


Through an Open Channel,” by A. H. Gibson, Proceedings, Royal Soc. of London, Series A, Vol. 82, 1909, _ 

Uber die ‘ausgebildete Turbulenz,” by L. ‘Prandtl, Proceedings, | 2d International Cong. for Applied 


echanics, Zurich, 1927, p. 62. | 
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NEMENYI ON SUSPENDED SEDIMENT 
the corner. These secondary streams, together with the turbulent pulse 
tions, explain the observations well. The secondary streams are always 
carrying longitudinal ‘momentum toward the corner, thus causing the 
unexpectedly high longitudinal velocities found there. However, how can 
the existence of the secondary streams be explained? _ There is no explana- 
tion unless the pulsatory, mixing movement along the isovels of the cross _ 
section—the ‘asimutal’ pulsation—is assumed to be more vigorous than 
— that -perpendicul: ar to it along the velocity gradient. — Indeed, if this is 
_ true, a simple consideration of the momentum distribution shows that the 
type of pulsations assumed to be particularly vigorous is connected of | 
necessity with forces pointing toward the convex side of the isovels—forces 7 
which are particularly strong where the isovels have sharp curvatures. 
een The question of why the pulsations are of the particular type assumed, 
however, is part of the ‘great problem of turbulence’ for which even a 
tentative solution, for the time being, is unattainable.” _ 


It is obviously impossible. to draw a system of secondary streamlines for 
‘any cross section, ‘such that each line is closed and, at the same time, is an —_ 
orthogonal trajectory to the isovels. The best procedure to follow, therefore, 
is to start by tracing orthogonals to the system of isovels in the region | where 
they! have very sharp curvature and to consider these as part of the secondary ‘* 


streamlines. ‘The remainder of the secondary streamlines, evenif Mr. Prandtl’s 
| ase assumption is accepted as correct, will be based more or less upon — 


7 _ Some uncertainty, however, is inherent in every theory that is merely 
qualitative. More’ serious" is than these u uncertainties in practical application 
is the question as to the acceptability of the fundamental conceptions under- 
lying the Prandtl hypotheses. For a statistically steady and permanent flow 
it is strictly meaningless to consider the steady secondary | streams as caused 
: by certain pulsations, and the shape of the isovels as caused by the secondary 
[ streams, because all are e present : at the same time and identically pre present i in any 


cross section. The! basic | idea of causation, the explanation of the future from 


the background of Mr. Prandtl’s too’ schematically expressed ie potheses one 

must seek an explanation as to the gradual developement of the statistically. 

steady, fully turbulent flow from laminar flow. Tf the | “investigator 

with laminar flow and assumes that with i increasing average velocity tl the flow 

becomes turbulent gradually (an assumption v which is by no “means s always 
justified) he he can*evolve a form to ‘Prandtl As 


laminar isovels may bi be Ww hich ‘would ‘indeed generate the secondary 
7 stream. The secondary stream, , in its turn, starts to alter the isovels. With 
increasing turbulence, the “asimutal” pulsations (that i is, pulsations favoring 
“the isovels as orbits), and with them the secondary streams, increase and 
_ modify the isovels so long as, with fully developed turbulence, a statietical 
equilibrium is established. _ Stated in this way, the Prandtl hypothetical 


currents, and the hypothetical prevalence of asimutal pulsations, 


would give a probable explanation for the surprising shape of the isovels, 
‘Provided the turbulent régime 1e develops gradually from the laminar régime. 
the writer’s ever, no experimental verification even 
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NEMENYI ON SUSPENDED SEDIMENT Discussions 
e existence of secondary currents, much less of the particular patterns 
ssumed by Mr. Prandtl, is as yet available for any closed conduit. a 
a ‘For open channels, ‘Mr. Prandtl did not indicate the pattern of secondary 


currents. nts. The uncertainty of of the practical application of his hypothesis a 


open channels is particularly great. In Fig 
20, the w riter has applied the hypothesis: 
is tentatively to a broad, , very rough channel | 
riter 
| Secondary Currents to somewhat narrow channel— 


| by Writer one ‘case tracing the hypothetical second- 2 
— @ we WIDE, ROUGH CHANNEL ary circulations on the basis of the velocity 


+% 
measurements by Bazin and, in the other 


‘case, on the basis of Mr. ‘Prandtl’ isovels. 
In each case, there i is a rather ‘complicated — 
variance with the simple results obtained | 
Mr. Gibson and his precursors. _How- 
ever, in the latter example on the surface 


(Fig. 20(0)), and in the former ex example (Fig. 
20(a)), both on the surface and at the bot- 


secondary currents a are 


between the conflicting possibilities. 
The latest information concerning sec- 


ondary in a straight conduit con- 


very stimulating paper by M. A. “Welik- 


20. Connanrs IN anov, published in 1936. This work is 
THE PRANTL HyPoruests “of fairly recent contributions 0 


to the understanding of river forms on a fluid dynamic basis. 
- considerable part of the paper deals with secondary | currents in straight open 


Apart from somewhat questionable arguments Mr. Welikanov 

- adduces the experimental results of Mr. Lossievsky in favor of the presence of 

steady secondary currents in straight conduits” with | turbulent flow. 
a 


a c (1) For a broad rectangular cross section, ‘the same result as Mr. . Gibson; _ 


(2) For rectangular channels with ratio of depth to width, two 


currents with cireulation to the Gibson pattern; 
more co and rather 


(4) Fora . strongly unsymmetrical section, one single stable secondary 


& “*Flussbettbewegungen und Geschiebefuhrung,” by M. A. Bulletin No. 6, D, 
_ Hydrologische Konferenz der Baltischen Staten, Helsinki, Finland, 1936. _ 
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— Only item | (2) is in direct contradiction to’ the expectation based on Mr. 
Gibson’s results, whereas all four items (with the possible, but doubtful, excep- 
tion of item (3)) are at Variance with what one ne would expect on the basis of 
__ A possible explanation of these contradictions i is that Mr. Lossievsky { failed 7 
to observe the | entire pattern of secondary currents in the cross section. and, 
on the basis « of o observations at the surface and the bottom, reached unwarranted > 
conclusions; or that his results ‘are thoroughly vitiated ‘by the use of insuffi- 
ciently long channels. Of course, it is also possible le that ‘Mr. Lossievsky’s | 
results are reasonably exact and that Mr. Prandtl’s work, as well as that of 
Mr. Gibson, needs to be revised. Mr. Lossievsky’s item (3) would be probable © 
enough, provided that items (1) and (2) were correct. Indeed, an | unstable, 
“shifting pattern of flow can be expected under transitional conditions between 
two substantially different, distinct types of flow. | xi? Pwr 
The great number of contradictions and. discrepancies among various 
“investigations available on this subject suggests also the possibility that all the 
secondary currents are a mere e consequence either of an insufficiently permanent — 
or of flow or of temperature | influences or other nonhomogeneities i in the | 


force field. Professor Vanoni seems to be precisely ¢ of this opinion when he — 


onl q - ascribes the interesting secondary circulations observed by him entirely to the 

ll | ‘Presence 0 of se sediment. However, a simple theoretical consideration shows that, 

ion even in a perfectly homogeneous fluid, if the flow is turbulent, secondary 

eci- | currents of appreciable intensity will | normally be present. Indeed, however A 
questionable may be. Mr. Prandtl’s’ assumption that the pulsations: favor 

sec- J everywhere the isovels as orbits, it is perfectly rational to assume that at 
on- most points of the cross - section there will normally be a favored circle of 
n a curvature for the pulsations just as there is a favored direction of pulsations. _ 
lik- § A strictly isotropic pattern of turbulence is an exceptional (actually only an 

Sa artificially p produced) type of turbulence. , On the average, straight pulsations 

of are less exceptional; but still it is reasonable ‘to assume that, unless the cross 

the section is ; circular, in a most points of the cross section there will be a favored 

A circle of curvature for the pulsations. _ Wherever there is s such a favored 


finite circle of curvature for »r the pulsations, Mr. Prandtl has shown convincingly 
that a permanent, steady momentum tending to generate secondary currents — 


is present. _ The writer is convinced, therefore, that nonhomogeneities in the 
force field a are not necessary conditions for the presence of secondary currents. — _ x 
aon It must be admitted, however, that nonhomogeneity of the fluid can ame 
‘substantially stronger secondary currents, at the same time that their pattern - 
may be transformed. — The first to observe this new type of secondary currents 
was Mr, Terada,* w ho showed that the particles of a fluid flowing i ina very 


wide open flume, slightly and: uniformly heated from below, move along a 


helicoidal curve (Fig. 21) so that the movement can be resolved into a straight 


flow along the channel 
section. _ The regular striped clouds" (popularly called ‘ ‘mackerel sky”’) were 7 


formerly considered clouds and were attributed, in accordance with 


axis, with secondary circulatory motions in the cross — 


8**Report of the Institute,” 
Vol. II II, 1928, and Vol. IV, 1929 : 

(en, 


by Terada, Tokyo Imperial Univ., Tokyo, hoah, 
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NEMENYI ON SUSPENDED SEDIMENT Discussions 


_ H Darwin, to the rippling influence e of a wind perpendicular to the | stripes. 
- & Many heydvedsnamiate and meteorologists are of the opinion that this phe- 


« - ‘Romenon n may in most cases be due more probably to forced convection streams 


~ connected with wind ‘parallel to the : stripes—that is , to vortices with a longi- 
* ABS tudinal axis similar to those which were produced under 


laboratory conditions by 
SECTION Although Mr. Terada’s paper® i is not accessible to the 


writer analogy with other convection phenomena makes 


{i an nonturbulent as well as as in the turbulent régime of flow. : 
‘In their brilliant vortex study,” M. Luntz and P, 


Nt 
Ve 
/\\ 


Pal y \ it ‘possible | to infer that vorticity with a longitudinal 
. 2 (| )) axis of this kind can be generated by convection in the 
SPAM 
ALS 
‘| Schwartz remarked aptly that the Terada phenomenon is 
% Mi closely analogous to the vortices® in the fluid between two 
PLAN 

coaxial ‘rotating cylinders discovered by G. I. Taylor—_ 
or Sxconpary Cur-_ the nonhomogeneity of the centrifugal force field Te- 
Wan um places the -nonhomogeneity of the ‘gravity force field 
Srmsr Heare> conditioned by temperature differences in the Terada Se 
“ie” In . a paper k by Hugh Casey, 6 there is a photograph \ which was made in af M 


q 


with turttulent flow and movable bed. No temperature. influence was” th 
_ present in this case (at least not intentionally) ; -yet the pattern n of the s secondary | $e 


currents which i is assumed by Mr. Casey (see Fig. 22) shows a surprising likeness BP Av 


22.—Seconpary CURRENTS IN THE Cross SECTION OF A BROAD CHANNEL, WITH Movs ABLE 


to the convective secondary currents in the Terada iii. of which Mr. Casey che 
ee had no knowledge. _ Equally striking i is the qualitative resemblance between B 
these studies and Professor V anoni’s new observations. % At the same time, it pro 

4s i is important 1 to observe that the number of the stripes is very different in the dis 


various ‘cases; it is probably | controlled primarily by the depth-width ratio of JF Th 
Related to these ‘phenomena, although somewhat less closely, are the but 
longitudinal ridges observed in the African desert by R. A. \. Bagnold.® | > They vel 


differ from the stripes observed by Messrs. Casey and Vanoni in the essential for 
* 4 fact that they are interrupted; the interruptions in the ridges observed by and 
Mr. Bagnold are arranged in a more or less regular echelon-like pattern. § ope 


secondary currents in the distribution of sediments i in suspension and on the Fig 


The foregoing leads to the decisive « question of the r played by the 


59 ‘*Hydrodynamique du Cylindre Tournant,’’ by M. Luntz and P. Schwartz, Paris, France, 1935. 


“Stability of a Viscous Liquid Contained Between Two Rotating Cylinders,” G. I. Taylor, at { 
: “A Philosophical Transactions, Royal Soc. of London, Series A, Vol. 223, 1923, pp. 289- 343. ae 


Uber Geschiebebewegung Mitteilung der Preussischen ersuchsanstaltfiir Ww und Schifi- 


on ___ “The Physics of Blown Sand and Desert Dunes,” by R. A. Bagnold, William Morrow & Co., New ‘grapi 
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of sediment, in the sorting of ary in the. cross. 
section, and in the gradual alteration of the shape of the bed. There is much 
valuable material in Mr. Méller’s observations and ideas; but it will have to be 
analyzed, , in the light of modern concepts concerning turbulent flow, when 
know ledge of the secondary currents has become more accurate. 
‘The effect of secondary currents in sediment flow has a tw ofold significance. i 


‘First, if the magnitude « - these. secondary currents : reaches a few per cent of 


of carrying te finer particles of sediment directly although they may not 
to move the coarser sediment particles. It is necessary to emphasize 
_ this point, because John B. ‘Leighly® denies the competence of the secondary 
currents to carry material even in curved rivers w here the. circulatory | movement. 
is very much stronger. Of course, the final decision concerning the relative 
importance o of this effect must be ‘pevigeeed ent ‘more exact information is 


—. but it i is | obvious heen the steady secondary currents constitute a 


influence of the secondary currents on sediment distribution. If it is true, as 
Mr. Prandtl’s studies indicate, that the longitudinal velocity distribution and 
fe “the distribution of pulsations are inseparably interconnected with the steady 
secondary currents, then the distributions of the shearing stresses and of the 
_ Austausch coefficient are also linked, and thus even the phenomena at the 


bottom itself cannot be properly u understood and analyzed without reference 
For this reason, the w aie believes that—in explaining the deviation of | 
sediment distribution from the results of the simple theory—in addition to the 


two factors considered by Professor Vanoni, as a third, ha sen important 


pone and even more important than this direct effect may be the indivect 


character of the entire flow) should be taken into account. Pres cys, Ae ia 
This su bstantial deviation from a two-dimensional — pattern of flow is 
probably the: main reason also for the unsatisfactory agreement of the velocity - 
distribution « observed by Professor Vanoni > with the theory | advanced by | 
‘Theodor von Karman, M. | Am. Soc. ig It would be quite justifiable to 
put the boundary o of the : e profile a little below the e top of the sand particles; 
but, « even so, an appreciable discrepancy between theoretical and experimental 
velocity distribution would remain. It appears that there i is no way to account: 
for this discrepancy, except by. studying the influence of the secondary | currents | 
and the entire essentially three-dimensional nature of turbulent flow in any 


os ‘That such an approach i is necessary follows immediately from scrutiny of 
3. The substantial inadequacy ¢ of the assumption of a two-dimensional 
— flow can be made particularly clear by drawing the distribution of velocities 7 
at the mid- -channel vertical and at some near-by verticals—for example, at 
one sixth of the channel width from the middle on both sides. ‘tid - 


i %**Turbulence and the Transportation of Rock Debris by Streams,” | by John B. aaieatiae The Geo- © 
graphical Review, Vol. 24, No. 3, 1934, p. 461. 
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If the a reasoning is correct, the modification of any factor—the 
- isovels, the pulsations, or the secondary currents—would influence all other 
factors and with them the sediment distribution and the bed shape. . If the 
tentative experiments of Potapow can be ye accepted, it appears: that the ‘second: 
ary currents are those elements that are most easily subject to. deliberate 
a modification; and thus the study of secondary currents may reveal a new 
- method for the rey regulation of rivers. In the paper by Mr. Welikanov,* there 
is a short | abstract of Mr. s experimental research which be 


as follows: 
iv _ “The principle a the _— is to arrange fixed leading waite’ in the 

- rivers. To create a clockwise helicoidal movement, it is sufficient to divert 
the surface stream by the aid of surface screens toward the right. The 

big bottom stream will then be diverted to the left, and a circulation pattern 
_ is produced which is maintained for a fairly long distance downstream, 
where it disintegrates gradually. Instead of surface screens, bottom screens 
may be used, arranged in the opposite direction; or both devices may be 
- eombined. The experiments of Mr. Potapow have established the following 
7 _ _ applications of these devices: (a) Through production of a double circulation 
4 [probably Mr. Welikanov means a reinforcement of the circulation ac- 
‘4 cording to Mr. Lossievsky’s type (1) currents, previously mentioned herein], 
the axial strip of the bed can be deepened; (b) in a curve the existing 
circulation pattern can be reversed, bringing the scour to the convex side 
= making the concave side, on which the ‘talweg’ of the natural river 
‘4 was situated, shallower; (c) the increase of sand bars can be prevented 


NEMENYI ON SUSPENDED SEDIMENT 


through artificial diversion of the bed load from the bar threshold; and 
(d) in case of bifurcation the sediment can be directed, according to wish, 
into either branch. These four examples suffice to indicate the great 
importance A ad Mr. Potapow’s s results in various fields of hydraulic 


de influence or by the presence of a dissolved or granular material) i is by no 
means a necessary condition for the generation of steady secondary currents. 
__ The occurrence of such currents is normal, tather than exceptional, i in turbulent 

ir 2. The distributions of the longitudinal velocities, of the pulsations, of the 
at andy secondary currents, and of suspended sediment (if suspendible material 


is present) are mutually and inseparably interconnected, so so that an _ artificial 


¢ = 4 rs of any one of th these factors w would inevitably tend to modify all others. 

3. Observations by Mr. Potapow suggest that an artificial “modification 
a, oo of the secondary currents is easily practicable and that therefore these might. 
i. a be used as a steering ng effect to modify, or to stabilize, sediment distribution and 


ie 4, From items 1 and 2, it follows that the three-dimensional nature of 


turbulent flow in an open pnerr is a major factor—probably the main factor 
—required to explain deviations of experimental findings from the two-dimer- 


von Kérmén theory of velocity distribution and sediment suspension. 

On the basis of the summary items 1 to 4, and supporting comment, the 
writer ventures to suggest ” the or — in turbulence research it 
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‘quantities subject to Austausch will make — the | checking and, if neces- 


Re 
particles, v which are present even in the purest ‘drinking water, are observed | 


» vectors, a basis for the first stage of the investigation would be presented. __ 


‘ their orbit and speed are recorded photographically, kinematographically, or ‘ 


; Proceedings, Roy al Soc. of London, Series A, Vol. 135, 1932, p. 656. _ 


the 1 near future i is not t to be expected from @ more a accurate and ‘more detailed = 


example, the flow in a circular pipe). * Still less can be expected from further _ 
study of such artificial cases as ieubeie turbulence. — Rather, the | greatest 
progress w ill result from an improved and broadened study of the actual flow 
conditions in a variety of straight open che channels and in a few a closed 7 
_ Even if, in the first stages, such a study were Testricted t to the investigation 
of the exact. shape of the isovels and of the > secondary currents (that i is, even 
if no measurements of fluctuations are made at first), by implication it would 
afford a deepened insight into the three-dimensional mechanism of uniform — 


flow, a better concerning the nature of 


studies and studies on ” the ‘distribution of salinity, fine sediment, and other 


ofthe research, 


AS a beginning, inline, the problem is to find a reliable picture | of the | 


three-dimensional distribution of the time averages of the e velocity vectors. 
Since the secondary, currents are comparatively small, this p problem is rather 
difficult, challenging the ability of the best experimenter. — Indeed, the contra- — Rs 


dictions presented by the various writers—all of whom w ere, in their time, 
able observers and _experimenters— indicate the of obtaining more 


The difficulties, of course, are mainly due to the fact that the turbulent pulsa- 
tions disturb the recording of the steady components. Another difficulty is 
that, since the angle of the actual time-average velocity vector with the channel 
axis is rather small, any measuring device introduced into the liquid may 


‘Vitiate the result. " For these and other reasons, ;, the writer’s opinion ‘is an 


the investigation i in question | will depend essentially upon t the further develop- 
“ment of purely ‘optical techniques related to the one suggested by A. Fage 
and H. C. H. Townend. In this method the extremely fine samc 
> 


by the aid of an ultramicroscope. If this or a similar optical method could be 
combined with a photographic technique to record time averages of velocity is 


Another method, simpler but probably less accurate, could perhaps be 
dev eloped through improvements of Mr. Gibson’s technique of w vorking » with 
weighted wax pellets. ‘if very small (preferably streamlined) solid bodies can ; 
be made of exactly the same weight as the water ‘displaced by them, a and if 


by aid of Charles Camichel’ ‘ian ade process, the solution of 


An Examination of Turbulent Flow with an Ultramicroscope, ” by A. Fage and H. C. H. Townend = : 
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Discussions 
A 


Those methods which r restrict the study to the and the bottom (for 
example, the conventional use of silk threads and surface floats) have - been 
tried and found insufficient. Only a study covering the entire cross section 


1 — 


can lead to clarification of controversial points and the attainment of new 
course, the greatest care is necessary in such investigations to establish 
mo a completely unif uniform régime of flow. The investigation of the fundamental a. 
questions of turbulent flow in an open 


Symmetrical About Center Line — 
7 


channel presents a certain amount of 
additional difficulty compared to inves- 
| tigations in closed conduits. However, 
| channels Is have a also certain. ‘practi- 
eal advantages. The triangular 
~| section of an open channel affords eX- 
cellent opportunities” for the study of 
scale effects by the simple 
of varying the stages. On the other 

hand, the variation of stages in a non- 
triangular channel model makes possible 
the study of a large variety of geomet- 
rically dissimilar and, sometimes, even 


ce 


qualitatively very “different be 

tt tions. Thus studies of the few channel of 

models indicated in Fig. 23 would give a 

very wide and highly instructive va- b 

= It the writer’s conviction that a d 

research project along tl these or ‘similar 

Fines would clarify 1 many problems which si 


in _ propulsion, bed formation , and bed stabilization, and thus vital for river : 


engineering. In addition, it may prove important for the most gener: al a and 
fundamental aspects of turbulence research. ie ety 
7. The writer wishes to express his thanks to E. W. Lane, M. Am. Soe. 6. E, 7 
of the Iowa Institute of Hydraulic Research, Iowa City, Towa, for permission 
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DISCUSSIONS 
CHARACTERISTIC USED FC FOR FOR 


: 


me more attractive to some if it had been interpreted i in terms sof the method 
of least work. _ ‘The derivation in the pa ‘paper might have ended with Section 2. 

The» n characteristic forces Pa, amy +++, Pen as defined i in Eq. 5 th then could have 


“been taken as the n unknowns for a least work so solution. 
Let F, denote the stress in any member of a truss s due to the nth set of = 
characteristic forces acting on the primary structure, and F, equal the stress 

ilar §& in any member of a truss due to the applied loads acting on the | primary 
hich the n simultaneous equations resulting from least wor 

tur- solution would be as follows: 

nent | 

‘iver 


aw 


“The w er ‘that the proposed‘method would 


“a 


4 


Because t the characteristic redundants are iiaadiek hows ev ver, wral A 

i an  Nore.—This paper by John B. Wilbur, Assoc. M. Am. Soc. C. E., was published in June, 1944, Pro- 
a Hi Discussion on this paper has appeared in Proceedings, as follows: September, 1944, by Charles A. 

Ellis; December, 1944, by Ralph W. Stewart, Myle J. Holley, Jr., M. W. _—— and Leon Beskin; 


Prof., Structural Eng., Mass. Inst. Tech., ‘Cambridge, Mass. 
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a] To illustrate this procedure, consider the analysis of the truss ; in Fig. 3(a) 


acted upon by the load. _ The characteristic loads as defined by Eq. 34 ry 


_ computed as shown i in the paper. Now, letting Pat, | Pas, and Pa3 equal X 


and Z, respectively, the F., Fi, Fo, and Fy stresses are computed by 


to the in 10 Since same ne value for all 


X 


oY +z May ay 


TABLE or SUMMATIONS | Eqs. 87 


+0.500 P |—0.600 X |—0. +0.360 X 


—0.849 X} 
.600 


oo 


* 


loo++ 


33: 


| 
40417 P | 40.417 P 


—0.142 P |+19, —2.767 P 

equations to determine X, -Y, and 
9.142 P + 19.68 X = 0 X= +0007 P) 

2.767 P + 8.000 =0; 
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CHARACTERISTIC REDUNDANTS 

Hence, the basic unknowns, Xa, Hi and X, (see Fig. 3(@)), 8 are obtained by | 


ns 

superposition from the characteristic redundants : as follows: 


X, =+ 0.007 P (+ 1) + 0.346 P (+ 1) + 0.080 P (+ i) =+ 0.433 P 
0007 +0386 +0.080 P (—4 2) = — 0.103 PF. (89) 


0.007 P (+1) + 0.346 P (— 1) + 0.080 P (+1) =— 0.25 


- 7 Ina minor way, the foregoing solution may answer the objections of 


Messrs. Ellis, Stewart, and men ritt os the method is too mathematical and 


engineers should be offered for discussion, their 
and immediate practical application may not be a apparent—provided there : 7 
some hope that these ideas may eventually lead to worth-while ‘methods. 

Messrs. Huggins and Holley have accepted the efforts of the writer from this 
viewpoint 
Beskin has contributed a learned and ‘critical discussion wl hich 
much to the general picture of the use of orthogonal functions in oe 


analysis, although he holds little hope for practical applications of thismethod — 
the analysis of statically indeterminate structures. He stresses the relation pr 
between the proposed method and methods for com ailine periods of vibration | - 


—actually the line of reasoning that led to the proposed method. An under-. ia 
standing of the proposed method of computing characteristic loads may help — 
structural engineers wishing to extend their interests into the field of vibra-— 
tions. Contrary to Mr. -Beskin, the first sentence in Section 13 is ‘correct, — 
7 since the number of independent components of displacement is is not necessarily 
7 equal. ‘to the number of independent redundant stress components, although 
equality happens to exist in the example chosen. _ By independent components — 
of displacement, the writer simply refers to joint and chord rotations as com: 
vs ~ monly used in the analysis of rigid frames by the slope deflection method. | 7 
_ Summarizing, t the writer believes that , once the characteristic forces | cor- 
responding to the redundants in an indeterminate structure have been deter 
ined, the remainder of the analysis, in terms of these characteristic forces, is | 
simplified to an ‘important degree. As indicated by y the v writer, the labor ine 
volved in determining the characteristic forces in the first place is such that 
4 the over-all method is not very promising in in its present. state of development. 

_ Perhaps it is possible to develop a simple method of determining characteristic 
_ forces, or perhaps, as Mr. Beskin suggests, these forces should be determined, — 
_in some instances, by mn from physical considerations. 
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presented i in n the of this greatly. 

os suggests that a correction factor provides : a method for increasing the agree-_ 
ment betw een ‘observ ed and computed velocities. This should be useful for 
predicting way Ww ave travel from data available on a given stream. ’iel 


_ The writer is not entirely certain that, referring to the midpoint- of-rise 


and the midpoint- of- fall, 
“In | the iltinne sone of translation these points are the only parts of the 


wave that really travel as a wave front or ‘movement of constant flow o or 
: 
In connection with Wave 3, Fig. 2(b), if the increase in release a at Norris Dam 
had stopped : at 10:00 a.m., on December 12, a wave with h Z: = 6.0 ft would have 
at the Norris gage. phenomenon occurred in the case of V Wave 
5. Below the 6.0-ft stage, Wave 3 is practically identical to Wave 5. _ The 
; portion of Wave 3 below the 6.0-1 .0-ft stage travels as a wave front as much as sdoes a 
the p por tion of Wave 3 below the 8.0-ft stage. ‘- Ina natural channel, the height as 
of a wave varies with the characteristics of the river channel. Wave 3 rose 5 ft" - 
at at the Norris gage, 5 ft at the Edgemoor gage, and 9 ft at the Wheat gage. At 
each station, the depth increased to that necessary to discharge the increased 
flow. Wave heights are constant only ina uniform ch: channel. 
aa When the midpoint- -of-rise is used to determine the velocity of a wave ina 
natural channel, it is assumed that this is an identical point on the wave as 


it passes successive stations—that half the rise represents the same increase i in 


at successive | stations. This i is seldom exactly true. 


E., was published i in June, 1944, Proceedings. 
oD iecussion on this paper has appeared in Proceedings, as follows: January, 1945, by Harold A. Weegel, 
and W. M. Lansford; and February, 1945, by M. A. Churchill. ; 

Senior Hydr. Engr., TVA, Knoxville, Tenn. 

Lg ite Receiv ved by the Secretary May 7, 1945. _ 
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>rofessor ‘Lansford presents experimental reculte which are in excel Hent 

prone with . computed velocities by y Eq. 6 for the 1e entire range of depths and 

flows. These e: experiments | eliminate: the uncertainties of variable cl channel 
areas and slopes ‘and of local inflow ie The results show ¢ that the approximate | 


9 
Eq. 2b cannot be depended upon for accurate r results. EE 


_ Mr. Churchill presents some interesting dat ata on wave and water velocities. 
for the lower Holston River. The high chloride concentration prov ides an- 


- excellent means of f identifying the w ave at successive stations and gives smuch | 


"more: dependable results for water velocity, than does the p process of estimating 
_the wave from measurements at four gaging stations as was the case on the 

inch River. r. Fig. 10 presents observed stages and discharges _ throughout 
both the falling and 1 rising w aves. The — 


determine discharge throughout a wave. 

_ The 5.7 ratio of wave to water velocity for the Watauga and South Holston 
rivers with a flow one third of the mean annual flow is slightly higher than that 


for the Clinch River, where the computed ratio a is 3.8. 8. 


“uniform variation in mean n depth s and results indicate that he was was able to esti- 


--:16 **A Method of Correcting River Discharge for a thine Stage,” by B. E. Jones, Water- Supply 
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SLOPE DEFLECTION: 


BYALA. EREMIN, AND RAL PH STEWART 


AA . EREMIN, Assoc. M. Am. Soc. C. E —An n important, advantage of of 
the amplified slope-deflection ‘method is that the moments in the members are 
computed i in conjunction | Ww ith the sketching of the axes of the sloped members, 

aga Te 
and the moments can be checked simply by inspection. — In his illustrative 

example, Mr. Stewart treats: members w ith constant sections. 4 application 

of the simple formulas, ‘the method may be extended to the members. with 


variable sections. Ina member AB with variable section, the distances p a and q - 


4 


TI e s factors of beam AB are al tal wat’ 


in which K K = 


ams 
a 


 Nore.—This paper by Ralph W. Stewart was published in September, 1944, Proceedings. Discussion — 


on this paper has appeared in Proceedings, as follows: November, 1944, by Leon Beskin; February, 1945, 
. John E. Goldberg, and Camillo Weiss; and March, 1945, by William C. Spiker, Arthur B. McGee, and 
, 22 Associate Bridge ae Bridge Dept., Div. of Highways, State Dept. of Public Works, Sacramento, 


by A. Eremin, 


. bad “Analy sis of Continuous Frames rames by y Graphical T Distribution of Momen 


3 

> 
— 
— 
— 
and 
| 


882 ART © AMPLIFIED SLO ome CTION 


The sign convention for the algebraic distribution of moments in continuous | 
‘frames i is often a serious source of error. AS stated by the author, the interpre- 
_ tation of signs is simplified considerably by sketching the slopes of the axes, 4 

However er, considerable skill is required. — The interpretation of signs can be. 


“erosslnes, is shown in Fi ig. 5 . Results are 


IG. ‘5. —GRAPHICAL DISTRIBUTION OF Moments: 

automatic and the signs cannot be misinterpreted . he resulting bending- 
moment diagram may be used directly for the design of the members. 
‘In the Tealm of fine arts, the artist’ s t's message is broadcast through var various 
mediums— —oil, water color, stone, or marble. artist selects the medium 
4 that best agrees with his ‘temperament. Likewise, in the applied art of adapt- 
_ ing the science of mechanics to the itevedeadion of stresses, various algebraic 
and graphic procedures | of distributing moments are available. Al: methods 
axe 

based « on the ‘elastic theory are equally exact for practical purposes. Mr 
Stewart i is to be commended highly for his valuable contribution to moment- 


distribution methods. With the addition of the new concept of the railroad 


‘ -™ verse line, the stress analy st has a wider range of choice in selecting a method | 
= 


the paper hone been Mr. His statement concerning text 


following Kq. 7b has merit. The sentence | he he quotes should have an additional 


phrase : as is indicated within the brackets: A - Yay 
“It j is well known to all users of the slope-deflection method that the final 
moment at the end of a beam for which the moments are not dominated by 
i. joint movements [or by the flexure of an adjoining span] i is less than the 
: The other « discussers apparently « did not b have Mr. Beskin’s difficulties in apply- 
a ing signs. The paper states that any analyst can use his own n system of — 
“4 and still tthe advantage of the interpretation of angle vs 
of amplified Slope deflection. _ Also, the statements ts regarding signs in the third 
and the last. paragraphs of Mr. McGee’s discussion should be noted. 
method followed by Mr. Beskin i in Eqs. 16 and 17a involves the 


“e braic procedure. of referring to Eq. 7a and transforming it by suitable substitu- 


24 Proceedings, Am. Soc. C. E., ‘November, 1 1944, p. 1490. 
Bridge Engr., City of Los Angeles, Los Angeles, Calif. ven 
ic, Received by the Secretary April 30, 1945. a 
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tions. The writer’s aim is to avoid such algebraic procedures. The ‘solution 
of Fig. 2 with one apparent unknown, a as developed by Eqs. 18a, 18b, and : a 
subsequent unnumbered equation, also involves what the w riter considers 
=— work of an undesirable type—namely, | substituting i in Eq. 16 w which, ; 


in turn, is obtained from Eq . 7a. ‘Direct 

re use of the elastic curve traverse offers a 

solution with one “apparent ur unknown 


which avoids eference to previously 
established equations. The elastic curve 
traverse also reduces the problem to a 
simple reading of visible geometrical 
-alinement and the direct application of 
basic ‘mechanical laws. This fact 
~ demonstrated by F Fig. 6, in which the 
values of the written on 
side of joint in terms of Ma. 
Each value will be M4 A 4 divided by the 
member stiffness. By geometry, 04 w vill 
be ‘one third of the beam angle A. 
Since the sum of the column moments 
must be 100 for shear equilibrium, the 


value of Az is 100 — Ma. By ‘simple angle summation from A downward: 4 


— 


ir. Op = — 100 ‘aie ah By geometry the lower beam angle A is 3 6; as shown 
wt in Me. 6. The | Ps er column moment is known to be 100 since the horizontal — 
“| - footing reaction is 10 and the column height i is 10. The equation for equi- 


librium of senna about joint D is written: 


100 + 100 — Ma — 2( 300 + 4 Hats) 


Eq. 25 i is shorter than the one following Eq. 18; 


‘tapered beams” an precedent.* sy ymbol A was 
because, in a number of of treatises, it represents the angle between the tangents 
0 a curve, and it seemed appropriate to . extend its use to trave erse e diagrams = 
which are solved largely as problems in ‘geometrical alinement. ene 
The w riter is grateful to Messrs. Goldberg and Weiss for their comments. 7 
As Mr. ‘Weiss suggests, , the moment-area constants are the basis of the elastic _ 
‘curve traverse 4 dif they are delineated as a traverse, t the: flexure of the structure — 


“can be visualized and the deformations due to flexure become easier to use ll 


Pickworth, Transactions, Am. Soc. C. E., Vol. 102 aie Pp i. sis 


% “Tapered Structural Members: An Analy tical Treatment, "by WwW alter. H. Weiskopt and Ww. 
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pictured a as areas. Such delineation a also g gives to diversify 
and extend the use of moment- -area constants. The e object of the paper was to 
_ Mr. Polivka commented that ‘“* “ * * the author’s claim that the method 
- ‘reduces b by one half the work of computation * * * if applied generally, can- 
‘ not be upheld. wh The wr writer’s claim was worded as follows: “* * * for many 
7 problems, the algebraic v work required will be only one half that required by the 


procedure taught i in current texts. ” Tt m: may be added that slope deflection, as 
amplified by the elastic curve traverse, will never, for any problem, involve 
more e algebraic ¢ work than slope deflection as s taught ir in current | college sentbouks. 
The detailed equation given by Mr. Polivka, , which he consolidates into 
Boe cone either derivation of a formula by an algebraic procedure 
; involving simultaneous equations as described by A. Amirikian,2! M. Am. Soc. | i 
_C.E., or handbook work which the writer wishes to avoid. 


An important point wv which should not be overlooked is that the formulas 


‘constant cross sections. ‘The introduction of tapering members would make 
ae important changes in solutions which use the elastic curve traverse but it” 


would have a serious effect on Mr. Amirikian’s algebraic t use of slope deflection. 4 


‘The excellent and constructive work of Mr. McGee in’ presenting the com- 
plete detail of the solution for an unsymmetrical two-story frame with fixed- 
: base columns is helpful. Following this step- -by-step solution should clarify 
_ most of the situations Ww hich can arise | in the general use of the method. As 


shown by Fig. 4(c), this problem involves” eight” unknown moments. ~The 
number of geometrical unknowns is six, comprising four ‘joint: rotations and t two- 


story deflections. ‘Only two unknowns and 62) appear in Fig. 4(d), the 
_ others having been eliminated in | an easy manner so that only two simultaneous 


“equations are needed for the solution. 


re Mr. Eremin offers suggestions regarding the extension of the method to 
structures having members of variable s section. It is for such structures and 


also for such complicated conditions a as | “semirigid”” joints that the use of a an 


last curve traverse best shows its advantage.’ 


21** Analysis of Rigid Frames (An Application Deflection),”” by A. Amirikian, Government 
Printing Office, Washington, D. C., 1942, p. 88. 

Transactions, Am. Soc. C. E. Vol. 107 (1942), p. 1028. 


derived by Mr. . Amirikian are for frames composed | only of members with 
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| STRESSES IN THE LININGS © OF /SHIELD- D-DRIVEN | 
TUNNELS: her 


5, 1852 


DISCUSSIONS 


BeEskIN, * Assoc. M. Am. Soc. C. The “basic principle” on 
which this paper is based has been used since the beginning of the twentieth 
eentury and is probably ¢ due to H. F. B. Miiller-Breslau. ~ It was taught by | 
Bertrand de Fontviolant for at Teast tw enty ceva before publication of his 


on the redevelopment of pemeliersem formulas Ser rings, which can be found 

‘in textbooks | on stress analysis. These equations appear in various forms, such 

as the. charts devised by Joseph A. Wise,2* M. Am. Soe. C. E. = and vimvateeed 

by Alfred S. Niles, Assoc. M. Am. Soe. .C.E,, and Joseph Ss. Newell.” 27 


Commander Wi ise’ formulas are convenient than ‘the author’s 
expressions, which can be derived from them. ~ Whereas Commander Wise wind 


a ‘supporting f fictitious shell, which has shearing reactions defined by con- 

ventional beam n distribution, the author deals: with diaphragm reactions, in a 


“such a manner that the shell reactions vanish if the loads applied to the ring 
in equilibrium. Influence factors: are obtained i in both methods. 


great advantage of the fictitious shell over the diaphragm is that the 
shell does not introduce any dissymmetry with respect to the |] load. Thus, the — 


tables need be computed only for one half of a ring. Itisa simple matter to E 


transform Commander Wise’s formulas into those of the paper. . For instance, 
the function A Mr i is obtained ed by t the superposition of the following loads on the 


_ Nore.—This paper by Anders Bull, M. Am. Soc. C. E., was published in November, 1944, Proceedings. 
Discussion on this paper has appeared in Proceedings, as follows: January, 1945, by J. A. Van den Broek; 
February, 1945, by Nathan D. Brodkin, M. A. Drucker, and Sigvald Johannesson; and May, 1945, by 


ms... Design Specialist, Consolidated Vultee ae Corp., San Diego, C Calif. Eo 
Received by the Secretary March 24, 1945. te, 
on Resistance des Materiaux,’’ by Bertrand de F ontviolant, J. B. Baillere & Fils, Paris, France, Vol. I, 
192 23, pp. 388 and 538; Vol. II, 1927, 
Analysis of Circular Rings for Moneseque by Joseph A. Wise, Journal of the 4 Aeronautical 
*7**Airplane Structures,”’ by Alfred S. Niles Joseph s. Newell, John Wiley & Sons, New York, 
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At joint A, 


‘Defining WwW, , Ws, and W; as the three coefficients. of moment due to ‘unit radial 
and fe forces and unit moments— 


Mr COS 7(0) sin @ 


~The values found by Commander Wise are: 


20 W:1(a) = 0.5) COs sina +1 


2 = 1.5sina — - — a) (cos 40). 


_ which, substituted into Eq. 39, yields the: expression for A mr given by the author 
‘in Eqs. 8. The A-functions in this paper are no more informative than the— 
charts presented by. Commander Wise. In addi- 
. tion, the author’s method is sensitive 
to small | computational it inaccuracies, | because the 
Teaction concentrated, , instead of 
%, — distributed, as: in the case of the Wi ise 
formulas. instance, if applied forces are 
not balanced by | a ‘small couple, the t total un- 
balance appears at ‘the e diaphragm | location, 
that the total error is repeated at each station, 
successively. — ‘When a shell i is used as a fictitious 


support, the couple is absorbed by : ynstant 
Shear flow and th the error is distributed on the 
ring, instead of being “concentrated at at 
The cosfiicionts of moment can be established 


in a straightforward manner. The equations of equilibrium of a ring are: 


| 


in M, P, and V, represent the moment and the forces 


at a section P; and V, represents the shear from the fictitious ‘shell. 7 This 
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shear is defined by | the e conventional | beam formulas applied to the shell : ; 


inw hich Ps, P,, and are the ntial an nd radial bende and the 
“ concentrated moment applied at the point a = + 7 in the shell (Fig. 24). 


3) [EF Elimination of P and V p in Eqs. 4 41 leads to: 


9) Considering a tangential load P, the solution for M is the general antisy are 


= Pn =0 Fora > 0: | “at = 


10) 


“ys solution of of Eq. 48, in Ww en V, has the value —_— by Eq. 42, in which 


- The constant k is defined by tl the condition of minimum strain energy which | 


ive | 2a ‘sin? a da 

Thus, the expression for M is: 
m | = a (1 + cosa sine | (460) 


on, Baw 41,V, and P are obtained by differentiation: 


P= P, “(a ). with = ( +a cosa). .(47b) 

P,/da, ph aced at a distance 

1a) da from one another (Fig. 


)), which are ‘equivalent to 
BP a load P,, it appears that the 

‘coefficients for a unit load P, 
| are obtained differentiating 


o the coefficients to. 


Ob 


ns 
— 
; 
oon 
eo 
| 
V4 
=r P, (48a) 


"4 BESKIN TUNNEL STRESSES 


Discussions 


Applied couples may | ies consider ”" as the limit of two loads +P,/da and a — nat 
P, = P, (Fig. 25(b)), sinee this ‘combination of is equivalent toa 


couple, Pn = combining Eqs. 47, ‘and 48: 


‘The A- constants 1 are very increments ass : 
and the curves presented by Commander Wi ise do not always yield values of ree 
sufficient accuracy for practical use. the latter, the writer prepared’ a J 
table of ¢-functions and y- functions for 5° increments of a, in which four fete 
-functions replace the author’s six A-functions. and 
Adjusting for Polygonal Effect. —The adjustment } proposed by the author i in J 
— Seetion 8 can be avoided if the concentrated loads are replaced by ‘uniformly. Coe 
distributed loads on an are 2 defined by the angles a-—é&ate Fo or in- | load 
stance, the coefficient Ay; would be (the angle varying between | 
+ 1 — cos a cose (50) 
"which yields values that differ but slightly from the val by the formulss Ful 
4 yields values that differ but slightly from the va ues given y the formulas F *"“' 
ymmetrical Loading.—The B-constants (see Section 12) require an ex: | 
tremely extended table if the functions are to be computed by smallincrement. fF 
The time saved by om — is of — minor importance in any aC 
Deflections of a Tunnel Lining.—The expressions given by 1 the author con- 
tain two angles, a and B, and their computation by sufficiently small increment: 
is a laborious operation. . When a shell is used instead of a diaphragm, the kh ( 
method is greatly simplified. Coefficients of deflection ‘ean be by 


in which the subscripts denote values caused, respectively, by a unit load P: 


at point 2 and by a unit load of P, at point J—that i is, the first of two subscripts 
= the location of the load and the second shows the nature ‘of the load. bans 
_ Replacing: coefficients m by the functions computed by Eqs. 46 to 49 and toil 
ted 


k are obtained. _The deflections can by 


Patek. (40) 

7 

j 

a 

— 

— 

— 

— 

— 

It j 


means of unit dummy | ‘Using radial and ‘tangential dummy loads, 
c) the radial and tangential components of the displacement. ofa | point | B (desig- | 


d = k Pr Dk P, i 2 


The sum summations in Eqs. 52 are extended to all the loads on the ring. — | 
displacements are relative and, to define absolute displacements, a point must. 
be considered fixed. For instance, if the invert joint A is fixed, it is necessary 
. to cancel its displacement d,, which, under symmetrical lo loading, i is expressed by 
Eq. 52a (except that subscript b es a). Adding = —<dra to all the displace- 
| “ments, ¢ the final components of the displacement. of point B (separated by the © 


28 

angle a y from pi point A) are 


Coefficients k are functions lies of the angle « a betw een the point where the 


‘There are six different coefficients k(a): 


= r (a) = 


ents. 

any 5 — a) sina — 


= A(a) = - + 


(5 

a = = = 

load. = A(a) + Aa) 


It is tis feasible: then to — tables. of deflection® coefficients from Eqs. 54. 


a 

4 
> “a4 

i 

4 
| — . 
“ae. 

— 
a 
By 

— 

a 
— 
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—To illustrate the foregoing argument the example | given by Mr, 
—~Bull in Section 9 and Fig. 6 is solved | by the Wise 1 method. Since only four phi 
radial loads are applied, the adjustment for polygonal effect: i is not justified, ‘ 


- and the comparison is made without adjustment (if necessary, the same adjust- F fro; 


7 ment can be made for both methods). The author’s s values are: 7 
‘Thrust = — 1.08317 — 1.77015 — 2.85332 
Shear = — 4.01595 + 5.05450 03855 
as M = — 3.14551 laden 79700 — 0. 01644 = — 0.36495 


ak. he - values resulting from the use _" the Wise method have been computed 
with coefficients read from the original graphs, Table 20(a),*° and with coeft- 


_ cients interpolated from a seven-place table (see Table 20(0)). -_ 


TABLE 20. —SOLUTION OF Auruor’ EXAMPLE, SECTION 


BY THE Ww IsE MretTuop 

ise MerHop 

_ 


Fig. 6 M T | 
(a) Ustne CorEFFICIENTS READ FROM GRAPHS 
Pr | +42 | +0325 | +0445 | +0145 | +0.650 +0.890 | +0.290 
| 45 +0.125 —0.080 —0.045 —0. $50 —0.400 0.225 
Pro —0.225 +0.045 +0.075 +0.675 —0.135 —0.225 
Pus +0. 020° | —0.010 —0. - +0.500 —0.050 
—0.295 —0.000 +0. 420 —0.295 —0.000 


—+0.3255754 +0.4442074 | +0.1457640 | +0.6511508 +0.8884148 40. 2915280 
—+0.~ 1248151 | —0.0824400 | —0.0457225 | +0.6240755 | —0.4122000 | —0.2286125 
-—0.1464023 | —0.1221527 | +0.0408998 | +0.5856092 | +0.4886108 | —0.1635992 
—0.2280333 


+0.0461712 | +0.0750035 | +0.6840999 | —0.1385136 | —0.2250105 
+0.0231697 | —0.1011569 | —0.0077650 | —0.1158485 | +0.5057845 | —0.038825) 
+0.4241794 | —0.2935702 | —0.0003671 | +0.4241794 | —0.2935702 | —0.0003671 
.... +2.8532663 | +1.0385263 | —0.3648863 
4 The author's values and the Wise values are seen to be in very close agree- be 
= and the charts originally prepared by Commander Wise are shown to be ar 
sufficient for all practical purposes when only a few loads are © applied on the sh 


‘The differences i in signs from different ‘sign conv entions. The change di 


in diameter (see Section 15) € can also be determined by means ¢ of a table? giving ol 
coefficients ker and k (functions (a) and at 

w which | simply means ‘Gat the numerical tables have been menial w ithout a 
Comparison of Table 21 with Table 7 that the author's method de 
ti 
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Mr. — mander Wise’s concepts, because of the dissymmetry introduced by the dit a- 
four phragm | in Mr. Bull’s method, white does not occur in the Wise method. © 


ar) 


fied, © Another : advantage resulting from Commander Wise’s concepts appears 
ust- fF from comparison of Tables 20 and 21 with the tables in the paper: The Wise | 
: coefficients have much smaller values than the author’s coefficients, so that, 
for the same degree of final accuracy, less laborious computations are required. 
TABLE 21.—Compuration OF CHANGE IN DIAMETER 
Pri, +0.005140 —0.00245 +0.00269 
Author’ s value ( +0.384 
For instance, the moment coefficients are seven times smaller 
— fF cand the deflection coefficients are five times gmaller. _ This disparity may mear 
the difference between using a slide’ rule | ora ‘computing machine in né 
_ a F inally, it can be remarked that, if the C-constants were calculated by 5 5° 
) increments, it would be necessary to calculate £ 5,184 entries instead of | the 72 
‘entries for the (a)- functions and (a) -functions. an Also, the 
> inter lation in a table with two inde yendent variables is extremel laborious. 
) 
Effects of Displacement. —Mr. Bull states in Section 17 that ~ 7 
hen the shearing stress at any point reaches a certain limit: 
44 a slip takes place between the surface and the soil particles, or between 
— the soil particles | themselv« es, causing the stress at that point to be relieved 


6125 


50103 The slip. between lining and the soil particles or or between soll particles 


3671 actually occurs” under constant shearing stress (provided the normal force is 

<7 ~ not changed), which is practically independent of the e rapidity of displacement 

—_— § nd is equal to the product of the normal pressure and the coefficient of ‘friction. _ 
— a Tangential Forces.—It is very improbable (see Section 18) that the region | 
gree between the lining and the soil is free from tangential forces. It is true that an 

lobe March « effect exists near the shield, but this arch effect is certainly helped L by: the | 

the J shears developed between the arch and the soil in front of the shield as well 

a _asby the the shears between the arch and the so soil that have ¢ already s settled 1 at some 


ange "distance behind the shield. ‘Thus, the ‘equilibrium cannot be examined asa 
| Plane equilibrium | in sections perpendicular to the direction of the tunnel—_ 

at least when the effect of tunneling i is being felt t. Itis highly probable that: a 7 
bow redistribution occurs when the shield has moved to some distance from _ o 
a given section, | since the aforementioned effects disappear, and a plane equi- 7 


librium. reappears. The best assumption is that of the uniform equilibrium — 
- defined by Rankine’s s formulas, w hich imply the existence of shear i in all wheat 
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shear along the lining may be found, but that cannot be the condition assumed 


by the author because the normal component acting on the lining is not i in 
equilibrium ' with the horizontal and vertical normal forces defined by Rankine’s | 4 is 


so that their diameters end at point A or B. . ‘There are two possible Mohr’s 
7 circles at each point. Near the crown, circle I must be chosen for reason of 
continuity ; and, near the skewback, circle Il must be chosen. Thus, neglecting 


formulas. This i is demonstrated by comparing 26(a), show wing the | loads 
on on the lining, | and Fig. 26(b), representing M seamed Ss wns of stress at i any point te 
‘tio 
tio 
be 
‘tal 
is 

maximum (vertical) and nd minimum th 
(horizontal) pressures ‘are e correlated | by the J 
In this case o is the angle of f friction. The author has used the conventional 
At points A and and B (Fig. 26(a)), the normal stresses are represented by OA 
and OB; the shears al are ‘represented by AA’ and BB’ (see Fig. 26(b)) With 

the author’ s assumption that AA’ = = - BB’ ot Mohr’s circles must be modified, 
0} 


B are greater than the pressures at point A. = _ This seems to indicate that there 
; is an | arch effect—a conclusion which contradicts the fact that the p pressure & re at 


that the distribution does not  comapond to a possible 
» Another aspect of this contradiction results from the inspection of the values of 


is vertical and oe Pressures at points A and B (represented = OVa, 


A w nil moving along “3 lining, first decreases (points Va); then, at some un- 
known arbitrary point, it jumps to the values s represented by p points Vp, 
= of of remaining constant and equal to Pu (point V). Such a state of 
stress a appears s extremely improbable. In addition, the reactions of the lining 
must be in over-all equilibrium with the loads above the lining. More pre- 
cisely, 2 a vertical elemental 1 prism limited to the surface must be in equilibrium 
with the lining reactions and the shears along its vertical faces. The author 
has not attempted to show that this equilibrium is consistent with the lining 
ese he ee chosen, although proof is essential to give the method a sound 
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basis. Because of the aforementioned considerations, the method appears to 
be highly questionable. In addition, if considered approximate, the method _ 
is not conservative, since the vertical components of the lining reactions are 


smaller than the loads above the elining, 


Soil Reactions Due to Settlement —The author disregards tangential 


(normal) and dsina Fee: this res reason, the directions of the 
F, to Fe (Fig. 9) are incorrect, and the subsequent analysis is extremely ques- p-. 
tionable. — Especially, the direction of forces Fs and F. cannot be downward 
‘because the main component of displacement in the vicinity of these forces is ; 
tangential. Furthermore, the vertical component of the forces above the ring © 
‘is determined by. the dead 4 Ww veight—for example, if the « direction « of ¢ a force Fe 

. On the basis 
of the reasoning, it is s conclusive ‘that Eq. 16 does. not represent, 
It is impossible to obtain soil reactions on the segments s near the crown since L 
- the ring settles as a whole and does not expand and since the section at its 
crown settles more than the other sections. — The settled ring is obviously be- + 


low the unsettled r ring, and it. is extremely” probable that the 


Conditions. ;—Contrary to to ‘Eq. 22c, ‘the horizontal pressure. is 


= to one third of the net vertical pressure (minus the hydrostatic pressure), 


plus the hydrostatic pressure: 


100 Hw + (0.125 — 0.063) (H, — 


Eq. 56 defines” a smaller ‘pressure than does Eq. 22c, and the difference 
“especially important Ww vhen H,, is small. Below: the there i is a vertical 
soil reaction, equal to one third of the. net horizotnal pressure, thus, contrary 


toEg. 220.00 


0. 063 (Hy 


per of ai ail is very dubious that the e active forces are ire computed 


correctly. example, if Eq. 22c is applied toa completely immersed 


— terial w hich has the density of w ater, a horizontal pressure greater than the 
ydrostatie { pressure is indicated. This is an obviously i incorrect result, since 
the material is. in ‘suspension and cannot produce an additional pressure. 


it Eq. 22a is applied to a case in which level is  juat above: ‘the 


ies tac formulas can be used Bsr crude methods of analyses a are 
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‘TUNNEL STRESSES ‘Discussions J 

Active Forces —The calculations indicated by the author can be simplified 
-somew hat. For example, the tangential forces due to the lining w eight, which h 
are sinusoidally distributed, can be replaced by radial forces following a cosine — ; 0 
distribution of the same willed introducing any additional bending oy 
f. in the lining. This fact can be shown by considering the differential ‘equation z tl 
of equilibrium of the ring. The radial forces can be divided into a constant a 
pressure, producing thrust exclusively, and a variable pressure, giving bending» : li 
a Conclusions.—In this paper, applied active forces, as well as reactive forces, _ 
a. been estimated by methods that cannot be considered satisfactory, and : k 
a errors 1 may result in the values of the final moments. _ There i is no doubt that 7 0 
_ the author is entirely correct w hen he states that conventional methods are . 
highly « conservative, but it see seems nonconservative to use the author’s results” t 
without an additional factor of safety that would consider the inaccuracies of . a 
the method. . Happily, it seems probable that. errors i in the basic data do not | Z n 
- have an excessive influence on the final moments. For instance, a variation — ; tl 
of the moment of inertia (or of the soil compression constant) in the ratio of | | -_ 
2 4tol generally produces a variation of bending moments in a ratio of less than. a 
Thus, it is probable | that the additional en of safety would be so small | on if 

io it could be omitted if the active forces were recomputed more conserva- 7 b 
tively . Because « of the lack of | precision i in the basic data, the author’s method J _ 
seems too intricate. _ However, , the numerical results presented may be con- Fc 
sidered a basis for estimating the reduction of moments due to the flexibility 7: * 

of the lining. © This estimate can be ‘made by omputing the dimensionless FE 

; , coefficient ET and by using the results obtained by the author for the same ~ 

value o of this coefficient. For that purpose, it would be very helpful if the FF P 
author sr would add to his date the values of the bending moments i in the case r 0 
where the flexibility of the lining is disregarded. ( 
Notation.—The author specifies that the tangential component P; is posi- 

when directed upward. . This is contrary to the conventional positive a 
ee. w vhich i is either clockwise (or opposite), with reference to the center 7 
of the ring. Also, this convention is not consistent with the use of the author's 4 0 
tables, because they thus become restricted to the invert joint. the tables 
4 are to be applied to other points, the s sign . convention must be changed s so that _ 
the tangential component is positive Ww hen directed away from | the diaphragm. _ 
= “hus, w shen the diaphragm i is moved, the . sign of a given tangential force must _ 
be changed according to the location of the diaphragm. eumbersome | d 
7 ~ notation, | which is a nae of error, should be rejected, and the signs in the 4 t] 
Ss =» corrected in order to make them consistent with the stipulation | that ; 
P. -Kryning, 29M. Am. . Soc. C E. describing the present state of 
the art of ond shield-driven tunnels (circular in cross s section), 
ar 
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the author of paper presents Fig. 1s showing as assumed an 


“the shapes of other Guiana shown in n Fig. 1 should be considered —!, 
as approximations only, until more field measurements and analyses along these | 
_jines are available. 7 Purely theoretical attempts 0 f establishing the shape of 
es, 15 and the “Soil Constant.’ a case, the value of 

K termed the “soil compression constant,” depends ¢ on the ‘size and the shape 
at 7 of the plane area abutting the soil and displaced in a normal direction. — Ace 


"i cording to Eq. 15, a given unit load 7; deseneted a given soil (constant K) 
of always produces the same displacement « of p inches. —Itisaw ell- know n experi- 
ot | mental fact, however, that from the two areas loaded w Ww ith the same unit load, : 
on | the larger area will settle more than the smaller one, 
of In the particular « case of a shield-driven tunnel, the value of K changes also 
ne — to where the load acting on the soil is applied. The value of K will 
a be smaller in the upw ard direction than in the downward direction, especially a 
all i the tunnel is shallow. The value of K in a sidewise direction, perhaps, would 
7a be between the two; also it may be smaller than the other two. The writer 
od ‘cannot even imagine how the value of K in the case of a shield-driven tunnel 
ne could be d determined 1 experimentally. It i is impossible to ) organize such a test 
ity and the value of K must be guessed. 
ess Eq. 15 means implicitly that t the soil mass obeys Hooke’s law which, 
general, is not the case. 7 
reversible Displacements in the Soil Mass. —lif a loaded 


ase occurs which consists a reversible and a the rev ersible. 


_ (elastic) part being generally much smaller than the nonreversible. Assume _ 
ike: that the experimental plate i is first loaded with a certain unit load and thovmapen , 


ive anew unit load of the same magnitude is superimposed 0 on the given acting load. 
iter 7 The additional displacement : thus caused will be much smaller than that in the 
or’s. original case. The reversible (elastic) part of the displacement may be the 
ples same in in both es nine, but the no nonreversible one will decrease substantially. This: 


hat - is an additional reason why the concept of the “soil compression constant? 


om. should be used with extreme 
tunnel 


Lust Stressed Condition of the Lining During and After Shoving.—If the tunn 


yme driven in a plastic mass (organic silt or plastic clay), the vertical diameter “a 

the the lining first increases, apparently due to shoving. In the case of the 

‘hat Tunnel, this i increase was about 0.4% of the diameter of the lining. It i is not 


clear from the p paper in w hat way te - stresses caused in the lining by the 
shoving process should be estimated or computed. Apparently these stresses’ 
- should be fully or partly superimposed on those caused by the loads, as in Fig. 1. I 


%Tineoln Tunnel. The Field Measurements and Study of Stresses in Tunnel Lining,” by G. M. Rapp 
H. Baker, The Port of New York Authority, July, 1937 (lithoprinted). 


“*Pressure on the Lining. of Circular Tunnels in Plastic Soils,”” by D. P. Krynine, Proceedings, Am. Soc, 
May, 1944, p. 
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ON TUNNEL STRESSES 
Bull proposes using ng scaffolding i in 


“maximum deflections lining should by the 
shearing strength of the overburden; and (b). a rather heavy lining in soils 
possessing sm small shearing resistance still may be required to balance the effect 

of buoyancy. a) To clarify the statement made under item (a), the well- er 
trap-door experiment should be recalled. _ The bottom of a box filled with sand © 
is provided with a horizontal trap door at the center. Some downward move- 
ment of the trap door causes the vertical pr pressure on it to decrease, but exces- - 
sive downward movement of 1 that door causes an increase in pressure. — 


ay 
a writer v disagrees with the statement at the end of the p paper: 
_ “There seems to be no good reason, however, for making material that is 
’ 


x needed only during the erection of a tunnel an "integral part of it, something 
that is being done in no other type of structure.” ial a 


On the contrary, many types of foundations are built with excessive material 


which is useful only during the erection of the structure. One of such h examples — 
is the use of pre-cast concer ete piles which are designed to furnish excess resis- — 
tance to both handling stresses and driving stresses. A caisson (for instance, 
a metallic compressed air caisson) is nothing more than an excessively heavy : t] 


shell of the useful construction, but which, how ever, re- ti 
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Harry R. Cepercren,® Jun. AM . C. E.%—In presenting a mathe- 

matical analysis of f seepage throug h impervious blankets, Mr. Bennett has 


the use of filters wells for the of seepage 
and has discussed the value of i impervious upstream blankets : for reducing seep- 
age quantities through ] pervious foundations pa He has presented a a mathematical 
analysis for determining the head loss through i impervious sac areliiarnacadl 
ing the efficiency of the blankets in terms of head loss. pore. AH ay! a 
__ Undoubtedly, the formulas in the paper will find favor among engineers — 
interested in obtaining quick evaluations of the general ‘efficiency of proposed 


blanket designs. Such analyses should be particularly helpful for preliminary _ 


are being - studied. 7 In some cases, no further analysis may be required ; how- 
ever, in the preparation of final designs, more detailed analysis of the probable — 


development of ‘seepage ‘pressures and gradients” is often feasible. For this 
purpose many engineers ma make extensive u! use of the graphical flow- net® 7 method. 


Although a moderate amount of study and practice is required for r the develop- 


‘ment of skill in the construction of flow nets, the required | effort is not out of 


of seepage “that often permits a1 an engineer to “detect inadequate 
= without detailed analysis, thus saving ‘considerable time and expense ; 


Nore— This paper by Preston T. Bennett was published in January, 1945 , Proceedings. Discussion 
thi is paper has appeared in Kivi as rr Marel h, 1945, by Reginald A. Barron; and April, 1945 - a 
V. A. Endersby. 


* Received by the Secretary April 23,1945. 


toh 6 ‘Seepage Through Dams,”’ by Arthur Casagrande, . Journal of the N. ew England Water Works Associa- 
§ _ tion, June, 1937, pp. 131-172 (also reprinted in Publication No. 209, Graduate School of Eng., Harvard 


Univ., Cambridge, Mass., June, 1937; and in “Contributions to Soil Mechanics, 1985-1900, Bos. 
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CEDERGREN ON -PERVIOUS FOUNDATIONS Discussions J 
_ Furthermore, the jv net gives a graphical picture of the probable distribution 


7 of seepage pressures | and gradients that is an important aid to the engineer 


in the design of water impounding. structures. res, 
a As the author has stated, soil deposits are never r uniform, and ‘no ) seepage — 2 

nalysis i is more dependa able than the deg. ee ‘ suracy. of the conditions 
assumed in the analysis. © Karl Terzaghi, M. Am. iu. CE, ., has stressed this 
limitation of soil mechanics analyses repeatedly and recommends’ field observa- 
tions: ‘during | construction to determine the degree of safety of structures, 
Observation wells or piezometers at strategic points in earth dams and i in dam 
foundations w ill permit the determination of actual pore’ pressures and thus 
w ill reflect the degree | of s safety of structures, both during ¢ and after consiruc- 
tion. | Ana adequate system of pore pressure measuring « devices should be in- 
- stalled in all important earth dams, and Teliable- records of pore pressure data, 
together with pertinent information regarding. the installations, should be made 
available to the engineering profession. 
In evaluating the performance of an impervious blanket, or r any other | de- 
sign feature relating to seepage control, the first consideration should be the 


safety of the dam. The safety of earth pervious foundations depends 


in a large measure on uplift pressures in the vicinity of the downstream toe. 
The author | has. emphasized the value of dow nstream drainage systems | for the 

- control of uplift pressures downstream from dams, and his two examples (Figs. f 
4 and 5) show the beneficial influence of a pervious blanket installed beneath 


the dow nstream part of the edam. | This type of drain i increases the degree of { 


4 


safety of the structure but it may n not be entirely adequate. Under the as- ff _ 
sumed condition that the soils are isotropic (horizontal permeabilities (k1 ) & a 

to v vertical permeabilities (ki), Mr. Bennett’s s analysis indicates that the 
a escape gradient at the dow! nstream toe is 0.8 for the - section in Fig. 4 without i? 
i ‘drainage and 0.20 for the section in Fig. 5, in which : gravel blanket has been 7 
prov ided beneath the downstream part of the dam. .. The former condition bol 


(Fig. 4) is ; decidedly y unsafe and the latter m may - be considered barely adequate 
‘provided th the soils are relatively free of f stratification. 7 eee 
“in Before a accepting a blanket design as as ‘adequate (for example, the section in 
Fig. _ 5), an investigation should be made to o determine the probable d degree 0 of 
stratification of the foundation, since natural soil deposits are alw ays more or 
less stratified and even 1 moderate stratification can have an an important influence 
upon uplift pressures. The effect sof § ' stratification can an be demonstrated el clearly 
with the aid of the — net . For € example, let it be assumed that all soils in 
the basic section given in Fig. 5 are moderately stratified : and that all the hori- 


zontal times the vertical _ permeabilities (ku) 


stratification have upon uplift pressures at the dow nstream toe?” 
of a flow-net analysis of the basic section in Fig. 5, together with #1 a number of 
modifications, are summarized in Table ‘1. The section giver en in Fig. 
designated ‘ ‘ease and modified sections are designated cases. 2, 3, and 4 

_ respectively. All few nets were constructed by the Forchheimer graphical 


* ad ii Theoretical Soil Mechanics,” by Karl Terzaghi, John Wiley & Sons, Inc., New Yor " Y., 1943, 
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ON PERVIOUS FO 


method. Te ) show the influence of stratification, the original ‘section with a 
1,100-ft. blanket upstream and a drainage b blanket under the downstream half 


a the dam was analyzed for two conditions—namely, all soils homogeneous and 


‘isotropic (kr = = : kx) and all soils ‘moderately stratified (er 1=9 kit). To de- 


TABLE 1.—EvaLuation OF THE BY “THE Fiow-Ne ET 

ANALYSIS (Basic SEcTIo OF Fic. 5, WITH MopIFIcaTIONs*) 


femmour 


All Soils Isotropic All Soils All Soils Isotropic all Soils Anisotropic 


Gra- | Seep- Beep- Gra- Sta- Seep- | Gra- Sta- 

e> | dient |  bilityé oan vility? | age dient¢ a dient* | bility? 
ate | vt | aged | | age? ge? | dient ty4 


IALF OF. ‘Dae 


= 


3 Drainage Blanket — 


1.0 


adequate 1,100, he Critical 1,400 Critical 1,900 | critical 


4 
_ BLANKET DRAINAGE UNDER DowNeTREAM 


Foundation = 


3 


‘| Very safe safe} 1,700 Very safe] 2,800 Very safe 


a Tn the diagrams: ko: = 0.25 ft per day; ko = 5.0 ft per day; and ky = 300.0 ft per day. ° Seepage 
- quantity under the given permeability assumption, in cubic feet per day per foot of dam. °¢ The discharge 
gradient at the downstream toe. 4 Comment on the degree of stability of the dam. _ as st > 


termine the benefit derived from the blanket, a similar analysis was made w oo 
“the blanket omitted. This analysis indicated that the blanket reduced the 
“Seepage quantity and discharge gradients the toe approximately (50% 
5 The values obtained from the flow-net des of Mr. Bennett’s s section with — 
homogeneous soils agree substantially the results obtained from his 
| formulas but indicate a slightly higher discharge. gradient of 0.25 at thedown- 
} stream toe. For the stratified condition, the discharge gradient is increased to ‘i 
0 which represents critical condition. The magnitude of the ‘discharge 


seradient i in this analysi sis s varies approximately i in proportion to the square root 


other « of stratification. The design incorporating 1,100- it 


blanket; ~~ 1, Table 1) may | be a barely adequate, provided the soil 
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June, 1 1945 


is weaned nonstratified, but it is not aaeqgunte if any appreciable degree of 


‘a by 50%; the blanket does definitely contribute 
to the safety of the structure, even though it may not be entirely adequate. — ar. 
_ ‘Examination of the flow nets for the original section with the 1,100-ft 
blanket (see Fig. 7) indicates that uplift pressures in the pervious substratum 

; should be reliev ed by a ‘suitable drainage system such as vertical drainage Ww ells 
drilled to a substantial depth or a drainage trench excavated to the pervious _ 
& substratum. The results obtained from flow-net analyses of the latter design _ 
—— in Table 1 under cases 3 and 4. Case 3 designates the section 7 
Be ith a 1,100-ft blanket and with a drain excavated into the pervious substratum ; — 
= 4 is identical, except that the | upstream blanket has been omitted. Flow. 
nets draw n for the assumed conditions indicate that uplift pressures at the | 


: toe have heen eliminated by the foundation drain and that the ere is 


varying mannan to a maximum of AT%; hence, the value of the lost w ater 
(if the structure is to provide storage) and the cost of removing seepage fr om ae 
dev eloped lands on the back side of the structure must be considered in es-_ 
- Where conditions are favorable to the use of a ‘positive cutoff, _ this alter- 
native may be the most economical long-time solution. ie many locations, ; 


. how ever, pervious strata are so deep that a cutoff is impracticable; and, in such © 


instances, some other method must be adopted fo for the control of underseepage. - 7 


In preliminary studies of embankments incorporating upstream blankets, the 7 
_ method outlined by the author should be a valuable asset. In detailed design _ : 
' studies, many engineers will prefer a more general method that can be 2 adapted 
to the analysis ofa a variety of methods of seepage control. - For this pr purpose 

_ the graphical flow-net method offers advantages that should not be overlooked 
the designing 
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_ UTILIZATION OF GROUND-WATER- STORAGE, | 


STREAM SYSTEM DEVELOPMENT 


Discussion 


fa 

Irv B. Crospy,® AFFILIATE | Am. Soc. C. E.8—The this paper is. 
deliberately restricted to the arid or semiarid regions of the United States w vest 
_of the 97th meridian. _ - ‘The paper is largely confined to a discussion of the use of 
ground w water for This tends to give the impression that ground-— 
_ water storage | is more highly developed i in the west than elsew here and that the 
“most important use of ground-water storage is for irrigation. Mr. Conkling 
also | restricts his paper to ground- -water storage in alluvium . It should be 
- interesting and valuable, therefore, to cite some instances of the dev elopment 
of ground-\ -w water storage in in other regions, for for other purposes, and in other geo- 
The use of ground-water storage irrigation, its development 
climatic conditions are stressed by the author; but he includes little concerning 
the geologic conditions which make possible the accumulation and use of 
_ ground water in the valleys of the west. ‘The two regions for w hich “ground 
4 water storage is discussed are the Great Plains and the “mountain and valley 
= sie These two regions cover a vast area with Ww idely varying conditions. 
ales thet term, | “mountain a: and valley province,” is mentioned in connection 
“with references to F. ‘Tolman (8)** and O. E. Meinzer (11), it does 1 not ap- 
4 pear r to be used by them. a - Since there are : already y two classifications of ‘ground 
water provinces: in the west, this attempt to introduce a bvwnetareth term is Un- | 

and unnecessary. The region included in the author’s term, ‘moun 

tain and valley province,” is subdivided into five provinces i in Mr. Tolman’ 


classification (8b). These ai are: (A) The Great Basin province « covering parts 0! 
California, Nevada, Utah, and Idaho; (B) the Columbia Plateau - province in 
Idaho, Washington, Oregon, and California; (C) the Great Valley of California: 


Nore. —This paper by Harold Conkling was published in January, | 1945, Proceedings. Discussion on 
his paper has appeared in Proceedings, as follows: March, 1945, by Ray mond A. Hill; April, aaa by 
Clarence 8. Jarvis, and John R. Charles; and May, | 1945, by C. W. Sopp, and J. A. Bradley. 


8 Cons. Eng. Geologist, Boston, Mass. 
8a Received by the Secretary April 24, 1945. 


_ 8 Numerals in parentheses, thus: (8), refer to ) corresponding items in the Bi ibliography | ssacaii 
of the paper), and at the end of discussion in this i issue. 
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— CRO N GROUND-WATER STORAGE 
f (D) the Coast Ranges of Central and Southern California; and (E) the northern 
25 Ranges. The author’s examples are largely province (D), the 


Coast of Central and e of 


=e 
simplifies the case. 


__ Although: the author’s discussion of ground- -w ater storage is restricted to 
alluvium, the principles he presents apply to pervious rocks and are . important 
int many places. Some geologic formations, in addition to alluvium, in which _ 
ground-water storage may be significant are: (a) V ery pervious 
_ (b) beds of voleanic ash, (c) beds of fractured lava, (d) cavernous mapocaiye 
and (e) highly fractured zones in any type of rock. In the last three cases, 
which the water “occupies fractures and cavities. rather than pores, wells 
‘Techarging the ground water may be important. ot “yy 
case of in limestone was ras encountered oe 


limestone which Tises 3 3,000 directly b behind the city. In 1938 snd 1939 
an inv vestigation of possible odditional water resources was made. by the w Titer, 
acting as consulting geologist for the J. G. White Engineering Corporation, and 
it was decided to drive a tunnel into the mountain directly back of the city. 
-Alarge flow of water was encountered 1,500 ft from the entrance, with a v volume, 
at first, of 2.75 mgd. Later this volume gradually decreased to 1 med and 
became constant . Subsequent observations indicated that a large subter- 
-Tanean ca cavity filled with water had been tapped, , that the large temporary flo flow - 
was caused by the draining of this stored water, and that the smaller constant 
flow | was the average yield resulting from rain on the mountain. During wet a a 
seasons this underg ground storage reservoir fills; the flow increases ; and, during 
dry seasons, the reservoir is drawn down. 
_ The two areas discussed in detail by the author—the Platte River V alley 
‘inthe Great Plains and the valleys of the Coast Ranges in Southern C alifornia— 

are both outside the g glaciated region, but similar conditions ‘exist in the glaciated | 
regions. In the valleys « of Southern California the ‘ground water occurs in 
alluvial fans at the base of the mountains. _ The alluvial | material filling these 

valleys grades from very coarse gravel at the base of the mountains to finer | 
sand at some distance but is all pervious in varying degree and is generally | 

very thick. — The alluvial fill of the cata of of the Great Plains, on the contrary, 

4 Valleys with deep alluvial ‘fill are common in New England and in other 

parts of of the glaciated regions (52). In contrast w vith the unglaciated valleys, 
however yer, there i is no regular gradation from coarse alluvi jum in the upper parts © 

of the ie valleys to finer alluvium in the lower part. _ Because of the irregularities 

of glacial deposition, , there may be. an impervious dam of fine ine across — 

a valley with basins of | pervious gravel above and below ‘The pattern of 
surface drainage i is often | very different from that of the buried preglacial — 
‘Valleys, and ground- water basins in the buried valleys may drain i in different _ 

irections from surface streams. Therefore, it is more difficult to determine 
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‘CROSBY ON | WATE R STORAGE 


At 

the size of ground- -water reservoirs in ‘glaciated regions. a ‘Such r reser voirs exist 
in many ‘places, how ever, and are used for municipal and industrial water 


Sere ~ Generally, no attempt is made to recharge these ground-water 


Discussions 


_ reservoirs artificially, but one system which is so operated will be described 


al The first public wat water supply of the e City of ‘Cambridge (Mass. ) was | Fresh di 
‘Pond i in the western 1 part of the is still used as part of the 
sout su 
Wi 
and the Charles River crosses the valley a mile south of Fresh Pond. - we 
buried 1 valley is filled with alluvium to a depth of about 170 ft. E Immediately fr 
of F Tesh is a moraine w hich forms a water | 
oy. 
Another ground- Ww ‘water divide, a mile and a quarter north of the pond, separates ta 
the Fresh Pond ground- water basin from that. part of the buried valley ba 
‘pied by the My stic River. F resh 1 Pond has an area | of 85 acres: and is 55 it “of 
dy deep. The total surface drainage area tributary to it is 1.25: sq 1 miles, but the eds 
aa area tributary to the sand plain is about 5 sq miles. Since 1887 there has been 0¢ 
; an additional water supply by conduit from Stony. Brook Reservoir in ‘Waltham, fre 
In 1941 | Cambridge needed additional ater | to supply war industries, and 
an investigation of ground- water possibilities was made by the writer who ‘siy 
recommended that greater | use § should be made of ground- water ‘storage, that le 
_ Fresh Pond should be lowered much more in the summer to draw upon mor f wa 
_— water storage, and that Fresh Pond should be filled in the spring tf cit 
; Teplenish | the storage. Since then Fresh Pond has been drawn down in the Ri 
summer, obtaining a large additional yield from the ground, and both pond ané bir 
> ground are filled i in 1 the s spring by surplus water fi from Stony Brook vocals ould § Ri 

i __ Artificial recharge by water spreading is practiced at several Plaees it 


- Jersey, both in and outside the glaciated region. Artificial recharge hs: 
q been practiced for more than 30 years at the Perth Amboy Water Works w her 


Borne of recharge ranging from 4,000 to 90,000 gal per acre per day have beer 
4 ‘measured. Ground-water recharge is also practiced in Long Island where its 

recharged into glacial beds by means of wells: and pits. 
One of the most intensely developed 1 rivers in the world is the Ruhr Riverit 
Germany. — Although the climate is different, the geology somewhat differen! 
and the water use very different, from the  oonditions 4 in Southern Californis 
there are interesting similarities in the developments. _ The Ruhr River flor: 


west into the Rhine River at Duisburg-Ruhrort and has a drainage basin © 
1,715 sq miles. The a average natural flow before the construction of reserv os 
or water works was 1 989 mgd, or 2,800 cu ft per sec. The Ruhr River is jus 
“outside the . glaciated 1 region, and it flows in an alluvial valley between lor 
bluffs of slate and other relatively impervious rocks. The valley is floor 
with: clay beneath which is a relatively thick 1 se, per 


gravel layer forms a very long, narrow ground- ‘storage 
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ist. in which the water table is frequently lower than the river. The river is then 
ter F influent to the g ground water. The Ruhr River cuts through the > clay layer into| 
ter the gravel, but the river bed i is generally coated with sludge | wh mons hinders 


infiltrs ution of river water into the ground. 
The Ruhr River is the only source of w eter for the Ruhr industrial 
district, which includes a large area north of the Ruhr Valley. - The total area 
served is 2,500 sq miles, with a population of 3,500,000. The average con- 
sumption, all obtained from the gravel, is 250 mgd, or more than the low-water : 
flow of the river (53). This supply was obtained from ninety different water 

works. In 1929, the year of greatest consumption and lowest flow, 476 mgd 


were used. During September, 1929, no water 
from the Ruhr River. 


An elaborate series of planned has been completed to use the 
we water resources (54) to the greatest possible extent. W ater is ob- 
“tained — batteries of wells and f from infiltration galleries near the river-_ 
banks. To replenish the ground- -water - reservoir, river water is conducted to 
-off-stream spreading grounds, w hich are basins s excavated | through the layer of 


clay into _ These basins are floored with sand which is cleaned 7 


z Ruhr Valley to the Rhine River. "To develop ‘the water resources further, a [ 
series of storage reservoirs was built on tributaries of the Ruhr River. _ Exces- 
sive deposition of sludge was caused by the reaction of the acid water from the _ 

Lenne River, which flows through an iron mining district, with the alkaline 

- water from the Ruhr River, which comes from s a paper mill district. To pre- 
cipitate this sludge, a series of lakes was formed by low dams on the Ruhr ia 
River. The sludge i is flushed out | of the lakes during high water. This com- 
bined development of the surface and -ground- -water resources” of the Ruhr re 
River provides water supply, ‘Tiver regulation, ‘navigation, water power, and 


more 
to 


- _ Another example of intensively developed ground-water storage is the water 
supply of the City of Haltern at the junction of the Stever and Lippe riv ers: 
in Germany. The Lippe River, the next large stream north of the Ruhr River, 
flows west and enters t! the Rhine River at Wesel. Salt springs and drainage from 
mines make the water of the Lippe River = Stever River comes from om : 
the north and j joins the Lippe | River at Haltern. The Stever River V alley i is 
es dtoa . depth of 400 ft with sand , whose grain s size is 1 mm or less. The per- 
_meability of of the sand is 340 ft per day at unit head. . The drainage area of the 
Stever River is 395 sq miles. The annual precipitation on this area is 547. 100 
_acre-ft and the annual runoff is 186,400 acre-ft (55). To obtain the maximum | 
“safe yield without drawing i in saline water from the Lippe Valley, a dam with 
i sheet- pile cutoff was built on the Stever River , raising the wa rater level 20 ft 

and forming two reservoirs (56). : _ From these reservoirs, water is conducted to to 
spreading grounds from | which it seeps into the ground . The surface storage i is 
7,629 acre- ft, and the underground storage is estimated at 4, 621 acre-ft. By | 
‘Making full use of the » underground storage, an annual supply of 64,850 acre-ft, 


or 58 mIngd, is in extremely dry years. The water is obtained 
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Edward Meinzer, er, W eter Supply y Paper No. 0. 489, U. S. Geological Surve ey, 


: _ CROSBY ON GROUND-WATER STORAGE Discussions 
| 
bya battery of gravel- -packed wells. srranged in an east-west. across the | 
These examples of the uses s of ground- water | storage in the in- 
tensive development of stream systems show that the principle is n is not closely 
restricted by ¢ climatic or geologic conditions « or by types of water ‘use but that 
its s application i is feasible and valuable in a wide variety of conditions. _~iBy his 


tim, Mr. Conkling has made a valuable contribution to the : subject. _ 
“Ground 1 Water, C.F. Tolman, ist E d., -Hill 
4 New York, N. Y., 19387. p. 469. p. p. 520. 
(11) “The Occurrence of Ground | Water in the United States,” by Oscar 


a Government Printing Office, Washington, D. C., 1923, 0 
Water in the Pre-Glacial Buried Valleys of Massachusetts,” 

by Irving B. _ Crosby, Journal of the 1 Jew England Water Works 

ciation, September, 1939, pp. 372-383. 

(53) “Water Supply and Sewage Disposal in the Ruhr Valley,” K. Imhof, 
Engineering News-Record, January 15, 1926, pp. 104-106. 
“Die Stadtentwisserung in Deutschland,” by J. ‘Brix, K. Inhoff, and 
R. Weldert, Jena, 1934, pp. 455- 
“Die Wasserversorgung des Industriesgebietes von Norden,’ by’ Schmick, 
ants Ay Das Gas und W asserfach, Jahrgang 7 75 No. 3, August 6, 1932, pp. 
Stever-Staudamm bei Haltern” (Westfalen),” by E. Matter, 
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AYMOND A. M. Am. Soc. C. E. Aerial mapping was a‘ “child” 
of World War and, as described by the author, ‘it since grow n to full 
stature ev en though most engineers have no appreciation of that fact. Those 


— because of the lack of interest, shown by most engineers and because of the. 


lack of understanding | ‘on the part. of the few interested engineers. These 
disappointments should have been expected, how ever, because most engineers 

are not concerned with 1 maps, and even those \ who | use maps in their work often , a 
have no part in the preparation of maps. ~ Hence, only a few engineers have - 
had more than : an academic interest in nual surveys: and photogrammetry, 

and it was not natural that all of them would turn n from conventional. pane tie‘ 

and accept something which was new and untried. F Furthermore, it must be — 4 
confessed that even the small number of engineers w ho today rely greatly 

“upon: photogrammetry do so more because of faith in the result rather than 

_ because of of understanding of a method th that depends upon an \ optical illusion. pe 

Ifa a poll were taken of all members of the Society, the writer believes that _ 

a substantial number would be found to have no acquaintance with photo- 

" gammetry, that half of the membership would not distinguish betw een modern _ 

_ photogrammetry and aerial photography, and that half of the remainder 
would state that the same information could be obtained m more cheaply — a 
equally well by conventional ground methods. he author is thus to be 
commended for presenting, clearly and fairly, the distinction between the a | 


engaged in the photogrammetric field have suffered | many disappointments: 


“child,” aerial mapping, and the “adult,” photogrammetry. 

It is not likely that the majority of engineers will ever be interested more — 
than academically in photogrammetry, any more than most engineers are 
concerned with developments in hydraulics, « or rin other | specialties foreign to 


vn fields of endeavor. ie the other hand, every engineer v 
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It should not be from the statements of the aerial 
"photography has been supplanted by photogrammetry . On the contrary, 
aerial photography more to engineering = 


culture a are generally more important than absolute devetions. Many 
4 tions may be cited: Changes along a shore line due to erosion or deposition; 
. routes for railroads, highw ays, and transmission lines; city planning, 
as distinguished from site planning; : and general surveys, ‘such as land sad 
‘soil classifications, agricultural censuses, ete, 
a In most of the foregoing instances, the contact print from an aerial photo- 
om presents, directly, mi more information than ¢ could be obtained t by ground 
methods without excessive cost. - When successive photographs are examined 

_ stereoscopically, the land form is clearly disclosed. The observer then has 
before him an accurate relief map on w “en is located every natural feature 


and all culture in the proper relationship. 


Too little attention has been given to the interpretation of aerial photo- 
graphs. Those in the industry, by reason of their own familiarity, took it for 
granted that any one could read an aerial photograph, ‘not ‘appreciating the 
fact that familiar objects viewed horizontally become strange when seen 
vertically. It should have been recognized that people must be taught how 
to read maps, even though maps have been in use for thousands of years. 
is only natural that most people should look ‘upon aerial photographs as 


_ interesting pictures s and not as maps, because they have not been taught to 


= _ interpret ™ shades and shadows which take the place of conventional symbols 


Assembly y of ‘contact prints 5 of aerial photographs into a mosaic produces a 
“map that is frequently of great value in spite of inherent distortions. The 
4 
Se of a mosaic, of | course, depends u upon the degree of control and the 


= to which each part is brought toa common scale. is rough mosaic is, 


little more than a a rephotograph of overlapping contact prints placed in approxi: 
a mate relation one to another. A matched mosaic presents a better picture in 
that, to to the eye, it has the “appearance of a 1 single photograph. — For many 
purposes ‘such a mosaic is ample, because the e engineer who ‘uses ime as 
1 the engineer who prepares the map, is generally moet 
concerned with the relative position of natural features and cultures. § Such 


7 ‘dl mosaics are particularly valuable in general planning. They have been used 


extensively in flood control studies, in rerouting highways, i in locating ir indus 


tries, s, and for m many other purposes where a bird’s- s-eye view of large areas was 


, The development of the controlled mosaic and the precise mosaic was 12 
as response to the demands of those who made maps rather than to ‘satisfy the : 
needs of those who used maps. Most of the former think in t terms of the ie 


accu acy of the survey for which they are responsible; a _ , hence, they are 
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es prone to demand comparable accuracy when methods are used. Actu- 
m ally, the comparison should be on the basis of the finished and reproduced map. 
ial A ground survey may be made | at an accuracy of 1:5,000, but no man can > 


ry, et an observed distance on a map with one tenth of that accuracy. _ Further- 
ms — more, when a draftsman completes a map on tracing cloth, it is of little value &g 
nt. “until reproductions are made. Changes i in humidity and temperature cause 
of some distortion of the tracing even before prints are taken. Unless these 
ra- prints are made entirely by a dry process, large distortions result; and, even 7 F 
on; under the best conditions, the 1 map that is available to the user is neither true a a 
ng, — to scale nor free from distortion. _ It has been the writer’s experience that a : 
und reproduction of a carefully made, matched mosaic can be used with confidence | 
4 for almost all the purposes, excepting only elevations, for w hich any repro- 
duction of any map at the same ‘scale would be used 
ind Whenever either the absolute elevation or the relative elevation of features, 
ned must be obtained from maps, the engineer responsible for the preparation of os 
has 7 the map should ascertain whether photogrammetric methods should be used. a 
ure & _ As stated by the author, if the area is small, the answer is probably “no.” 
_ : ; Likewise , if the terrain to be mapped i is open ¢ and relatively flat or if only a a 4 
oto- narrow strip of topography i is needed, the answer is again ‘ ‘no.’”” the: other 

for J _ hand, if a substantial area of broken terrain is to be mapped, the answer is 7 
‘the: | probably “ ‘yes.’ In some cases, the nature of the cov cover will determine whether ; 
ground. methods would be cheaper and faster or whether photogrammetric 
how - methods would be better. The writer could cite the case of one Army canton- : 
ment where the required contour map was prepared photogrammetrically 
2 because of the presence of a mantle of brush but where, otherwise, plane- table 
| methods would have been more suitable. 
general, groun surveys, supp ementing aeria p rotographs and matched 
mosaics, will, usually be found most. advantageous i in the solution of specific 
The ‘engineering problems. On the other hand, photogrammetry will probably 
the supplant ground surveys s of large areas, and the future of photogrammetry i is 

limited only by the extent of all the continents. ale 
Moors,‘ Esq “—The multiplex “aero-projector” method 
probably the most w widely used of of the th three types of precision equipment 
scribed i in the paper. The method is also the most recent addition to the | 

photogrammetry although the spatial | model was first constructed by di- 

Such projection in 1858. Practical equipment for. utilizing this principle 

in the production of did not beseme available in the United 
mee: i. general, the equipment of 1944 j is similar to that of 1935, but vast im- 
aes provements, both optical and ‘mechanical, have been incorporated in later 
od models. . The: most important change has been the result of improved lens 
a design, not only in the projector un unit but in the > aerial camera i itself » by in increas-— 
4 ing the effective field of coverage. 
y -Col., Corps of Engrs., U. 8. Commanding Officer, 29th Engrs., Portland, Ore. 
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ON PHOTOGRAMMETRY Discussions 
Early multiplex equipment was designed for aerial photography obtained 
: with the multi-lens camera, of which the nine-lens tandem T-3A camera is 
probably the best known in the United States. Photography of this type 
necessitated two general projector designs—one for use with the vertical center | 
7 chamber, and the other for use with oblique wing prints. Since distortion, 
displacement of images due ‘relief, generally unsatisfactory quality 
were present in the oblique photographs, accurate mapping with these pro- 
jectors was extremely difficult. [ The multi-lens camera is considered obsolete 
for general mapping purposes and it has been replaced by | the so- -called wide- 
angle, single-lens c camera. This camera provides an effective field of coverage 
between 90° and 100°, depending upon the camera type; and the field of cover- . 
age for a single vertical photograph i is about equal to the usable field of the 
older multi-lens: cameras. — Although most of the older normal- -angle equipment 
‘is still being used, the newer wide-angle equipment is found i in most multiplex 
“mapping This equipment makes. possible a ‘aerial photography 
most favorable base- -altitude ratios—which results in n greater contour 
accuracy racy and ‘materially reduces the number of photographs 1 required. ey 
_ In comparing the relative merits of the different systems of photogrammetric 
_ plotting devices on a cost basis, it is necessary to examine the fields in which 
7 each system is used. Both the Brock equipment and the stereoplanigraph are 
suitable for the production of large-scale contour maps—a field in which the 
multiplex. has not been used extensively. Sufficient mapping - by both the 
Broek process and the stereoplanigraph has been published at and tested to prove 
conclusiv ely that exceedingly high standards of | accuracy can be obtained. In 
this field 1 the multiplex has not yet been used e: extensively enough to compete on 
cost basis with the other methods. 
aa ithin the continental limits of the e United States, more medium-scale 
mapping (that is, mapping on scales of 1:24 ,000 to 1:62,5 500) | has been com- 
pleted by multiplex than by either of the other two processes. _ Many factors 
have - influenced the widespread acceptance of the multiplex method | for this 
type of | mapping. Multiplex maps have met rigid accuracy standards, and 
the comparatively low initial cost of equipment undoubtedly has been con- 
: sidered ; but these factors alone do not entirely account for the popularity | of 
the method. Availability of the equipment on the domestic market i isa pre 
mary asset. Neither additional _stereoplanigraphs, hich are of foreign 
: manufacture, nor Brock equipment, which was custom- built and not a standard 
commercial | product, is av ailable. — Before the 2 priorities of WwW orld War II made 
acquisition difficult, multiplex ec equipment w was available to those organization ns 
‘. that had occasion to do topographic mapping and i is the only precision plotting 
ao - equipment that has been in actual production during the war. ~~ 


ail The availability of photogrammetric operators has been a major problem oi 

3 all ag agencies ‘utilizing stereoscopic plotting equipment, since trained operators 
are not available a and must be educated within the | organization. As in all 
types of precision work, there are certain basic requisites of knowledge and 
aptitude that potential operators must possess. a Only part of the people with 
this, knowledge and aptitude will dev elop the acuity of vision necessary to. 

become capable ‘ ‘photogrammetrists. Nevertheless, : a larger “percent age 
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rapher”’ months; and he be to do satisfactory extension 
in nine months or one year. cer 

‘Inherent in the multiplex: method are operational features which are not 


- provided (or are difficult to execute) by the other types of equipment, the most 
important of which is the capability to “phototriangulate” or “bridge’’ field 
control both vertically or horizontally. Secondly, and of considerable im- 
portance in military mapping, contour plotting may progress simultaneously 
ona larger number of stereoscopic m models for later assembly i into the finished map. 
> The cost of field control is a primary consideration in the planning of : any 
mapping operation and may well be the deciding factor in determining which 
eo peg methods, should be utilized. In general, the amount of field 
control is decreased as the scale of the map is reduced and the contour interval 
increased. Thousands of square miles of mapping have been produced by the 
multiplex 1 method since 1936 with a publication seale of 1:24 000 and an av erage 
_ contour interval of 20 ft. For this type of “mapping horizontal control is. 
generally” placed along the 7.5-min quadrangle v with boundaries normal to the 
— direction of the flight lines. © Horizontal control, for the orientation of interior | 
~ models, i is obtained by “bridging” ’ this control without the ne necessity for addi- 
— tional ul horizontal field ‘control, although for this scale and contour interval it is 
‘still : accepted practice to obtain a limited amount of vertical control on each 
interior photographic pair. Much \ work has been completed during this s same 
period on standard d quadrangle maps ae on a scale of 1:62,500, with 
— contour intervals averaging about 50 ft. Control lines are placed along the 
15min in quadrangle borders crossing the flight lines; a and, because of the greater 7 
contour interval, little or no vertical field control is required on the intermediate 
models. _ 3. In planning projects of this type, both vertical and horizontal control 


bands are are placed about 15 miles apart. Between these control bands the — 


plex bridge, o “‘phototriangulation, ”” produces adjusted positions and eleva 
tions upon the intermediate models for drawing the topography are 


‘Military and « civilian practice differs somewhat. inasmueh as time is fre- 


quently: the paramount consideration in any military mapping project; and, 
this Teason, methods are frequently used which do not 1 necessarily produce 
maps in ina minimum number of man-hours. ~ More frequently, y, the problem is_ 
_ the production of a map in the absolute minimum lapsed time even though the a 
_ number of man- hours may be excessive. _ To produce a maximum amount of 
work j ‘in the minimum over-all length of time, control bridge conduetei 


plex bars are longer. emergency, projectors normally in 
bridging work may be diverted to contour plotting, “prov ided a sufficient 
number of additional operatorsare available. 
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4 Then multiplex h has been used to a limited extent i in the field of reconnaissance 


mapping with highly satisfactory results. A brief description a of a pre project 
recently completed will illustrate the potentialities of the method in this field. 7 


‘The topography of an area approximately 500 miles long and 10 miles wide w <a 


- ‘required for publication on a scale of 1:250,000, with a contour interval of 100 ft. _ 
_ ‘The need for this w work was urgent; the area was inaccessible ; and part of the | 


route was over terrain 1 probably ni never before traversed by white n men. ‘There 


_ were available, within the area, seven control points of known geographic 


‘position anc and a few elevations of somewhat doubtful quality. 7" Some additional 
elevations were secured by prorating known or assumed river grades. a The 
longest single multiplex bridge extended 285 miles, and a single horizontal 
control point was available on each of the terminal models. _ This bridge did 
hot run in a straight line but traversed 1 river r valleys a! and high mountain passes. 4 
Aerial photographs - for the pr project were taken in the middle of the winter with 
the su sun never more than 5° above the horizon. . Although the multiplex: ee 
Ww as ‘completed in a remarkably short time ne, subsequent field work has indi 
-eated that this map is surprisingly accurate. > 
om Although it was designed for the production of topographic maps, numerous 
other uses have been found for the multiplex. By a rather simple method it has” 
used in the production of mosaics. With the multiplex bridge adjusted 
horizontal scale, sufficient. planimetry to fix the orientation of each. photo- 
gue is drawn for transfer to the mosaic base. With dianegatives : substituted | 
for diapositiv es, projection prints can be the projectors. 


These prints are b both adjusted as to scale ratios and horizontalized ; and they 


“may be pasted down in the normal manner. 


aus ‘Unfortunately, many topographic maps are actually obsolete before they 
“are , published ; and, to preserve their maximum usefulness, frequent revision of 
cultural detail may be necessary. . This: revision work will be a major mapping 
o problem in some localities. For example, , in California, several areas were 
mapped very accurately as recently : as 1925. Because of development, 
tural details in some of these areas have changed to such an extent that, without 
revision, an entirely | erroneous picture of the terrain is presented. — ‘The w rork 
in some of these areas has been revised easily, and with utmost accuracy, by 
_ the multiplex method. After the war a large amount of map revision will be 
—_— where wartime activities have caused major cultural changes. aos 
With large areas of the United States still unmapped, there is ample work 
:* Feng all types of plotting: equipment in use for some years. me It is obvious 
that, in particular instances, certain types 0 of equipment are preferable t to others. 
a : For some time after the war the popularity of the multiplex method will prob- 
ably continue, if for no other reason than the availability of equipment | and 
‘operators. _ Inthe field of large- -scale r mapping the method remains to be ye proved. 
It may be found that t large-scale work by the multiplex method will be less 
‘“ economical in the long run and that this particular type of work should be left 
for instruments of greater precision. — In the intermediate-scale - field—which 
includes | most of the mapping to be done i in the continental United States— 
there is ample proof that the multiplex method can compete with other methods, 


se, 
both i in economy an and accuracy. in field costs is becaus 
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- unlike the other methods, the multiplex does not require survey control on 
every stereoscopic model. - When contour intervals of 50 ft or more are used, 
— costs of aerial photography will be the same for the multiplex as for the stereo- 
_planigraph, inasmuch as photographs for both methods will be taken close to 
— thes service ceiling of the aircraft employed, and this ceiling will be the deciding 


= in determining the 1 number -of models and the unit area covered by each 7 


A discussion of photogrammetric devices should not 
concluded without some mention of the K.E.K. Plotter (named for J. E. King, 
. J. W. Elliott, and P. B. Kail) being used by the United States Forestry Service 


in the production of standard quadrangle maps in some > parts of California. 


refined stereocomparagraph i in which certain. 
of the m most undesirable characteristics have been eliminated. — The principal 
improvements incorporated in the K.E.K. Plotter are: (1) An arrangement ll 
which | contours a are drawn to correct orthographic scale, rather than on the 
conic projection 1 (which is one of the principal disadvantages of the stereo- 
7 ‘comparagraph); and (2) a system of restitution by an appropriate inclination of a 
‘the contact prints with respect to the operator’s point of view. © As with other , 


devi ices, , except the multiplex, vertical control is ; required on for model. Little 
information is available as to the amount of horizontal control necessary, but 
‘iti is. probably : about the same as that. required for the other p processes. Com- 
paratively low initial cost and 1 portability may make the K.E. E.K. Plotter a 
“most valuable instrument for some types s of work. aianyn 
S. Jun. Aq. Soc. C, E.*—It is s gratifying to find a paper 
on photogrammetry i in the publications of the Society, since engineers are rely- 
= more and more on accurate, complete maps. __ Two additional ‘methods 
should be included in this discussion. For example, the K.E.K. Plotter is 
an improved form of the stereocomparagraph incorporating the third dimen- — | 
~*~ together with an accurate means of correcting the photographs for tilt. 
A pair of contact prints are oriented and corrected for any tilt, the resulting 
model then being viewed through a a stereoscope. ii A lens with a omall dot in the - 
center is suspended under each eyepiece of the stereoscope between it and the te : 
i image. These ¢ dots fuse to form a floating n mark with which the 1e operator traces 
; planimetric detail and contours. — The pair of photo-ta tables on which the photos _ 
are fastened are raised or lowered, , according to a varying ng scale, to compensate 
: for the conic projection, thus slewing the floating mark to trace the contours 
directly. to scale. The floating mark is connected to a pencil or pantograph 
Which permits | drawing the detail on to the map. A considerable amount of 
control is required for this method, at least. two horizontal and four vertical 7 
points being needed for each p pair - of photographs. . _ An accurate map may be be 
obtained and the instrument may be moved easily f from place to place. The | 7 
cost, of the K.E.K. Plotter is several hundred dollars— considerably 1 less ss than 


that of either the multiplex or the stereoplanigraph. 


§ Photogrammetric Engr., U. 8. Geological ve 
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‘The is an instrument quite to the stereoplanigraph, 


incorporating a similar optical-mechanical system for obtaining map detail 
from glass diapositives. There are three i in the United States, but they are 
‘much used. a advantages and disadvantages ¢ of this method over the other 
kee Several items concerning the comparative economy of the multiplex and 
_ __ stereoplanigraph m methods should be mentioned. The cost of of $10,000 for one 
_ multiplex unit is extremely high, $5, 000 | or $6,000 being more nearly correct. 
¢ - In many instances, it has become the practice to equip one unit for bridging | 
oa (described more fully in a later paragraph) and to streamline four or more 
units, thus reducing the cost of an average unit to $3, 000 or $4, 000. ral = 
_ The flying costs will be greater for the multiplex than for the stereoplani- 
“noe because of the lower flying height, which necessitates more pictures and 
‘more flying to cov cover a ‘@ given al area. . Howe ever, the cost of the flying, emesi 


an increase in dyin - height, some detail is very likely to be sacrificed ‘regardless 
* the magnification of the pictures in the plotting machine. In many in- 
stances, the detail thus lost is of minor importance or of no value at all. How- 
ever, i at other times this detail is of major importance, outw eighing the cost of 


models, since a r of can be set up 

Thus, considerable horizontal control i is eliminated. ‘stereoplanigraph can 

accomplish the same result if an adjacent model i is set 1 up on the established 

control, which is a system of “ “pass points.” i However, as the stereoplanigraph | 


can accommodate only one stereoscopic pair at a time, a number of single 
‘models, requiring x considerable time and repetition, must be set up and oriented. 
The multiplex tracing table, or stand, is far from clumsy. - Sliding on 
quartz feet, it moves smoothly and easily, being limited in speed only by the 
skill of the » operator. _ Although the multiplex may require more models, the 
time of operation r represents only from about 5% to 8% of the total time ol 
sumed. . The increased flying height at which the pictures for the stereoplani- 
graph are taken necessitates a much more precise setup of the model to obtain 
=~ desired accuracy. . With the multiplex, the average operator can place 
the floating n mark in the model on the ground to an | accuracy of +0.05 mm 
lie at a scale of 1: :10, 000, represents about 3 ft. Assuming the contour 
«Ee to be 20 ft, this i is well ell within 1 the accuracy of 90% of the contours in 


one half of an interval. re In s¢ setting 1 up a model in the stereoplanigraph, the 


os a One distinct advantage of the multiplex is that the the operator is working 
‘directly over the map and with a flip of a switch can see w hat he has drawn, 
whereas the stereoplanigraph requires an assistant whose job is to observe the 
actual u drawing, the operator not being 1 in a position to view his work readily. 
Although the multiplex system c: can be used by somewhat less skilled personnel 


with Ie less training, ‘it h has proved highly desirable 1 to utilize only the higher 


typ type of with a working | knowledge > of 
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_ graphic features. + The stereoplanigraph has an advantage over the multiplex | 
in that it can accommodate a wide - range of scales from a given pair of photo- 
| aoe whereas the range of the multiplex i is very limited, the flight height 


depending on the scale and contour interval desired. 


Two pare that have a tremendous bearing « on the comparison ¢ of the two ¥] 
_ methods—photogrammetrie ve versus ground—are the extent of the area and the 
scale. The multiplex is adaptable to scales from 1:2,500 to 1:24,000 : the 


"stereoplanigraph has a slightly wider range; and neither of them is as econom- 
ical for small areas as for large areas—say, 60 sq miles o or greater. _ Flying, 
sending control parties into the field, etc., to map » only a few square miles by 
the multiplex or other photogrammetric method are not economical procedures 


under” present conditions ‘as compared with field or methods. In 
“numerous instances, a planimetric base map has been prepared by the multi- 


plex method and assigned to a field party: for addition of the contours, especially 


Another factor. that i is important in comparing the economies of the multi- 
f ~ plex with those of the stereoplanigraph is the photographic laboratory and its 
Filled personnel. In connection with a large or medium sized > multiplex: 
| organization, a complete photographic laboratory is maintained under the 

supervision of a highly trained laboratory photographer with several assistants. 
| Since there is only one stereoplanigraph i in the United States and since there is 

little likelihood of ever having many assembled in one place, it would appear 
: that either economy or | the adv: antage ofa highly skilled photographer would 

have to be sacrificed unless photographic work of a similar nature were avail- 
able to ) occupy part « of the photographer’ s time. 


_ Tosummarize: For small areas up to several square miles the ground method. 


should be far m more economical. — In flat areas either the ground method ora. 


combination of ground and photogrammetric methods should prove most 
satisfactory. Over extended areas, especially where the terrain. does not per- 


‘mit easy access by foot, the | shcheaemmatale method should be : superior and © 
‘more economical. As to which is the most suitable photogrammetric method, 


one must take into . consideration the conditions pertaining to each particular 7 

assignment. ‘T he tremendous first cost of obtaining equipment, plus the train- 


B BSREF 


Hace ing of personnel, must be considered. along with the type and extent of i mapping gg 


mn to be done before the most economical method can be ascertained. For ex- - 
tour ample, the U.S. Geological Survey is engaged i in a continuous and extensive 
rs in 


‘Mapping program where expensive equipment and trained personnel will be 


_ the ‘utilized over a long period of time; thus, the multiplex method combined with 
ited ground methods has proved the ment economical. On the other hand, for a a 

4 |) private company interested in a small local area on a job of short duration, the | > 
king ‘ground method, the e stereocomparagray aph, or the K.E.K. Plotter should | prove | 
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Max W. STRAUSS. 


W. Srrauss,!° Jun. Am. Soc. E. 100 —In the “Introduction, the 
author makes the statement that ‘ ‘The ‘method of moment distribution intro- 
~ duced by Hardy Cross,* 2M. Am. Soc. C. E. Ahi... as good a method ascan § 
be devised.” — That this i is open to question is suggested by the author himself 
m4 by the fact that he introduces the c concept of an exact ‘carry-o -over factor. This 
_ concept is not a new one. The writer has seen it traced back to Maurice Lévy 

d who developed it about 1880. 1 Since then it has frequently been employ ed 
; by others. a However, beyond implying this concept, the development of the 
thesis of the paper seems to fall short of its logical: conclusion. ‘For instance, 


if Eq. ‘lis s substituted i in Eq. 9, the latter 1 may be rewritten: en: oe 


AB 


_ Thus, to determine the carry-over f factor for any span toward a joint, it “} 


necessary to -over factors away that joint all 


factors may be. ‘determined rather easily. his the basic prineiple ong 
advocated by R. C. Brumfield, M. Am. Soc.C. 
‘Nore. —This paper by Camillo Weiss was published it in January 1945, Proceedings. Discussion on ven - 
_ paper has appeared in Proceedings, as follows: May, 1945, by Ralph W. Stewart art, and R. C. Brumfield. ‘ 


10 Stress Analyst, Consolidated-Vultee Aircraft C San Diego, Calif. 
ress nalys onsolda u e — 
Received by the Secretary April 30,1945. 


“Analysis of Continuous Frames by Distributing Fixed-End Moments,” by Hardy Cross, Trans- = 
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Statique Graphique et Ses Applications Aux Constructions,” by Maurice Lévy, Gauthier- 

a 

12 “Movi ing Loads on Restrained and Frames” by R. C. Brumfield, Am. Soc.C.E. 19 

May, 1945, Pp. 627. 
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; which, for continuous beams of constant moment of inertia and equal spans 


= 2— = 0.268. For all 
ical purposes, this: ‘convergence can be assumed to take place in three or 
= spans. | The writer’ s attention has been called to a short table compiled | 
by Bertrand de Fontviolant which illustrates this effect. a aie 13 
Moment Transmission and Distribution 13 is an expression f for the 
distribution of a moment. applied externally at joint B to the various spans 
at that joint. | The terms in the right- hand side of the le expression ai are defined 


by 1 and 12. Instead of an external moment, | consider a ‘a moment in 


throughout, beeo 


‘other : spans at joint B . This moment will ‘be ‘distributed to ‘each s span in n the aS 
-Tatio of its distribution — to the sum of the distribution factors of the 


os in w which the s subscripts r and 8 s indicate the receiving member and the sending 


— _ Referring to Fig. 3, consider member A AB loaded in such a manner that the 
fixed-end moments are FEMas and FEMga. the moment in open | BJ 


nog: out the moment “split!? for member BJ: 


= (FEMpa (1 — dpa) - + FEMas dap fan]. 
Comparing E 38 with Eq. 36: 
ia Illustrative I Problem.—To illustrate the foregoing, the writer has chosen - Are 
frame (see Fig. 6) that has been solved previously by the Cross method | of cA, os 


~ 
a ‘Resistance des Matériaux,” by Bertrand de Fontviolant, J. B. Bailliere & Fils, Paris, ri, Panes, 
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= 
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successive approximations. The expressions for the carry-over factor and 


the distribution factor are anal in T able 3 3 as are the moments s at the 
ads. A usu: al sign convention 
_is follow rwed. A positive moment 
“indie: ates a clockwise resisting 
moment acting on the span 
a negative moment indicates a 
max 
counterclockwit ise resisting mo- 
ment. Thus, a moment trans 
mitted from one end of a span 


to the other will not change 


sign; but, in passing through a 


ao moment will change sign before it is distributed to the other “spans. 


The K-values are shown circled on each span in Fig. 6 and the fixed-end 


moments are indicated at the end of each span. Since fea = TBA = 
= Rac, results fen and r Similarly, Tor =5 and 

req = =<, 80 that Rep and foc erefore, 

18 20 1. 5 18 
| 


tee = = Rog and fav = Beginning the end, fon =0 and | 


TDE = ‘so that fev = Also 0, ‘TCD = 39 and Reg = rep + 


=> — I erefor = 


472 


~ 851 
The moment | (m) are obtained by Eq. 36. Aba a joint sint such as as C, ther 


are computed separately for each member acting as ¢ a transmitting membe?. 
Thus, for example, for the moment transmitted from joint B to joint C: 


= X soe -; and mcp 


385 3857 
x 
‘The distribution are” > obtained by E Eq. For example, dep 


0.4150 a 
+ Revirep 1 1+ 7/1.8 X 29/80 347 
Actual end moments of each loaded span due to the loads i ie the —_ sm 


obtained by Egs. 39; thus: 


(100 0.3556 + 100 x 3343 x 0.200) =— 24 


Mes = + (100 x 0.6657 + 100 x 0.6444 X 0.3444) = + 88. 76 


Mec = — (50 X 1+ 50 X 0.1003 X 0.500) = — 52.51 


Analysis of Continuous Frames by Distributing Fixe d- E nd Moments,” k by “Hardy Cross, Trane 
actions, Am. Soc-C. E., Vol. 96 (1932), Fig. 


me 1, 1,155’ » 


Rew 15" BT 
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| 
ae 
— 
f fac 
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Soir 
Poit 
Poi 
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| 
| Poin 
Poin 
Gt 
met 
— 4 
| 


X 0.8496 +60 £0. 4248) = 

Mop = = — (200 X 0.585 + 100 x 0.6628 x 0. 3043) = — 137. 

Moc = + (100 X 0.3372 + 200 x 0.4150 X 0.1875) = + 49.28 


‘Thes se moments are distributed to the frame by the calculated carry-over — 
factors and distribution factors as show n. eee 


TABLE 3.—Compurtation oF FRAME CHARACTERISTICS. 


OM wr Setar = 


1.3333 
2.4160 


.. 


0.6667 
2.2222 
1. 0000 


0.4614 

0.3444 = fac 3 

0.4248 =frc | 0. il 0.2260 
0.30 304: 3 = foc (0.4 0.4612 2 0.6233 


TABLE 3. (Continued) 


Point A— 


cD Joint E 


40.27 | 4101.43 
—259.95 


$44.26 
+114. 


—5. | +11. 
, 449.28 


derived from the basic slope-deflection equations, it seems fair to question eS. 
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ent 
ing 
nd 

wo | ® | ® | © | | ® 
60 | 0.3536 | .... | 1.0000 | .... 
15 4 333 | 0.2000 = fc 1.0000_ 
| | 08 0.1181 | 0.1714 
and 2.9486 | 1.5000 | 0.1875 | .... | 1.0000 | ....— — 
3 1.5000 | 2.9486 | 0.3314 =fep | 1.0000 | .... 

- {ENTS AT JOINTS, DuE To Loaps IN THE GIVEN SPAN es 

nber. 
tC: 
0.3556 | +42.24 +735 $3.34 -15.67 -0.12 +37.14 

BC..........| 0.6444 | -4224 | -735 | -3.34 | +15.67 | -37.14 

0.1008 —13.38 | 11.03 444.98 +23.51 +0.18 

| +88.76 | —36.77 16.71 478.37 | +0.61 

det 0.1504 20.06 ae 

= DC..........] 0.6628 —10.37 $23.13 

——_ 

| 


STRUCTURAL CONCEPTS Discussions 


-author’s assertion het the is based on a ‘a concept of “restraint” 
whereas the slope-deflection m method is based “on relations governing deforma- 


tions comprising t the geometry of flexure. - "Actually, , use of the Cross method 


is 
is equivalent to solving the simultaneous slope-deflection equations by suc 
= approximations. | On the other hand, the method indicated by the 


author is truly based on the concept of “restraint. will By recognizing that J 
“restraint” is | a function solely of the structure and is entirely independent oj 
the loading and by | proper evaluation of “restraint, a method is provided for 
the distribution of moments in a framework of restrained ae by a single 


| 
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7 COLUMN FORMULAS 


By LEON BESKIN- 


EON x BE Assoc. M. AM. Soc. C. a may 

be used as a curve on a graph, a set of precomputed v values in a table, or as an 
algebraic expression, solved mathematically for each case that occursin practice, q 7 

is obvious. 7 _ Nearly all structural designing departments plot. column ae 
instead of us using ‘them in their mathematical form, even if specifications give = 
column strengths in terms 0 of a mathematical expression. — The author makes the 

point that, if this is so, an otherwise acceptable formula should not be e rejected a 
merely on the ground that it is complicated, since a graph of the formulaisas 
easy to apply as the most elementary empirical expression. This seems to 
imply that the author proposes first to adjust a formula to fit experimental 
results and then to plot the resulting expression. — This proposal seems to 


eliminate all interest in | the formula s since it is more to us use 


Mathematical column formulas may useful, ever, when materials” 
with different characteristics (such as aluminum alloys | or concrete) are being — 
considered. _ Graphical representation of a a formula then involves a set of curves 


that can be applied to any material of the g group. . In this case it may be con- 
venient to derive a formula in which the strength or the modulus of elasticity, — 
or both, appear explicitly. _ Given | the material to be used, it is then a simple — 


matter to plot an acceptable column curve. In s about 1934 the French Air 


( ‘a 373 


 Nore.—This paper by William R. Osgood was published in December, Discussion 
as > this paper has appeared in Proceedings, as follows: February, 1945, by L. E. Grinter, George Winter, and 
H. Cael Jones; March, 1945, by Edward Godfrey; and May, 1945, by Ralph E. Spaulding, and James 
"Structures Engr., Consolidated Vultee Aircraft Cor , San Diego, Calif. 
= Received by the Secretary April 23, 1945. id 
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>3,w hereas, for < is assumed equal unity, 
y Lane value of o is asymptotic to the Euler value o - >> for infinite values of \,, 
is is equal t to and has a derivative equal to zero, = that the condi-. 


tions of monotony, an and continuity of the are satisfied, 


“4 The same result is obtained when, for a wide class of aluminum alloys, a straight 


line or a Johnson parabola, tangent to the Euler curve and —— tothe § 
strength for = = 0, is used. 
The curves resulting from Eq. 45 do the ‘author’ 8 s condition of | 
- extrapolation, and it is not necessary that they do lo so since the Euler curve in | 
4 ‘one case and the limiting value os =a in the other are so defined that errors in 
extrapolation are normally avoided. There seems no doubt that the condition 
» of possible extrapolation i is unnecessary ; if the entire range of possible s slenderness : 
> ratios is covered by a formula (or by several formulas). One such limitation 
: ee be defined as the Euler formula, whereas, for small I slenderness re ratios, a 


 “euto constant value m: may used. 
~~ Furthermore, a system of several formulas wititnn the conditions of 


4 continuity, monotony, and continuity of the derivative as a whole can always be 


> 


teeartagd either exactly, or or within the desired degree of accuracy, by a unique 


— 


formula satisfying the same conditions so that the condition of a unique formula 
has no mathematical significance . Consequently, there is no practical, mathe 


eo; or logical objection to the use of a limited number of simple formulas, 

nen one complicated formula covering the entire range of possible 
io 


S. An engineer can memorize simple formulas and compute 
a allowable stresses on the slide rule, or by any other method best suited 1 to his 


‘immediate needs, whereas a complicated formula leaves the | practical ¢ engineer si 


no choice but to plot a graph. Since that is his only choice, the best possible t] 
graph is that plotted directly from test data. a 

‘The writer cannot sense the importance of the condition. stated in the a 
“Introduction” that “An empirical Ceolumn] formula * * * should be one that ‘si 
“expresses theoretically possible relations.” The “theoretically possible Te- al 


lations” _teferred to by the author seem limited exclusively to the condition 
-defin ed by the Euler formula. If ay given empirical formula is claimed tobe 
| valid only ’ for s stresses less than the Euler values, , that formula is is absolutely | tl 

legitimate as soon as it has been s shown to fit the experimental ‘results. hf 
addition, if the formula is represented by a curve tangent to the Euler curve, it gg 
4 satisfies the conc condition of continuity of the derivative; but this condition is not g 


g 


important, since the stress-strain curve is never considered 1 necessary -y to satisly 
‘ 

- it. ‘ Since the column curve is a function of the stress-strain curve, it is possible % 
‘that none of these curves satisfies the condition of continuity, —_ 


‘Thus, of all the conditions expressed by ; the author, the condition of mo pe 


- is always a ‘monotonically decreasing function, because | the concept of 
monotony is broader than the “concept of the decreasing» function. Mathe-| 


“matically, the word ‘monotonic’ means “not decreasing | or not increasing as | 


notony appears to be the only justifiable one. Incidentally, a decreasing fave | 
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variable increases.’ 18 When Mr. ‘Osgood refers to a “mono-— 
— tonically decreasing function” in the "“Qynegiin: ” it is understood to mean that 
the dependent variable “stress” does not decrease as the independent variable - 


ratio” increases. 


‘strain ¢ ‘curve isa difficult The double-modulus theory, which been 
used for a long time, involves a basic. error in theory, in that it presupposes a 
theoretically straight column. - When a column with some initial curvature or 
eccentricity is considered, the double-modulus theory cannot be applied, and 
then the single-modulus theory appears to be more representative of both the 
theoretical and the actual facts. 
so-called “theoretical” formula, ‘derived from an empirical stre strain 
ps e, cannot be considered theoretical, according to the p precise meaning of the 
word as used by physicists. A formula of ‘ ‘correct f form” (see “Introduction’”’) 
cannot be devised without introducing at least one observed constant of the — 
structure, and one observed constant related to the material. A fomula of | 
correct form should contain at least the slenderness ratio and one constant 
related to the strength of the material in compression (for a slenderness ratio of — 
gero). In addition, since the author’s opinion is that the ‘ ‘correct form” 
implies that the curve must be asymptotic to that of the ‘Euler formula, the 
modulus 0 of elasticity of the material must appear explicitly in the formaiie. ; 


In the “Introduction,” the author declares that “It 1 would be e very hard to 


_ justify more than two constants of the material in any practical column 
- formula.” All the formulas that he indicates, with the sole exception of the — 

contain two dimensionless constants. If only two constants 
_ of the material, one of them being the modulus of elasticity, were to be used, a 
_ single dimensionless constant, related to the ratio between the yield point (or 
the ultimate avength) and th the modulus of elasticity, would be sufficient to define - 
a column formula. . ‘The occurrence of two dimensionless constants in nearly 


all formulas shows that at least | three constants of the material ‘ust be con- 


“sidered. 7 Possibly, these constants could be taken as the a’ average modulus of | 
elasticity before the yield point, the average modulus of elasticity after the 


lition ‘yield p point, and the yield strength of the material. In the relation between free 4 
to be coat and actual length (Eq. 2), the constant k may be | different from the _ 

- theoretical values such as k = 3 for fixed ends, when the material i is not in the - 

- elastic range, because of the important effect of initial eccentricities. In addi- a 
iS tion, Ww hen the ends a are restrained elastically, the constant k is a Senation of the 


moduli of elasticity ‘of both the e support and ‘the beam, and varies with the load 
the column i is not in the Euler range. 


In the text following Eq. 2, the author states that the arbitrary constant 


utely 


se ‘* * * should be taken as a compressive secant yield strength.” A yield 7: 
strength defined by an arbitrary value of the permanent strain be used 
as well as the secant yield strength. It | would be interesting to learn if the 7 
"author has a definite Teason for using ; the secant yield strength re rather than some 7 


other constant of the same nature. 

7 


fi _,|8*“Webster’s New International Dictionary of the English seal G. & C. Merriam Co., Spring- 
eld, Mass., 2d Ed. (unabridged), 1939, Vol. I, 


p. 1588, 
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better fort the constant S seems to be the intercept, So, of the column 
nee" the e axis, ¢. This che choice eliminates © one constant fr from all the 
dimensionless | equations summarized by the author, with the exception of the _ 
two f formulas (E qs. 15 and 18) derived by means of the double- -modulus theory. 
‘Eqs. 15 and 18 are not _ practical since they give an infinite c column load for a 
_ slenderness ratio of zero. . When the value of S is assumed | equal to that of Soy 
the various nondimensionless equations are transformed as follows: | 


| 
Aarflot 


Cw +V1+ 0 — OF 


Experiments show that, ‘when the shape of the cross waitin of a column is 
‘modified for a constant value of the slenderness ratio, the ultimate load is also 
changed. _ The constants which appear in the formulas are thus shown to be 


- : 4 related to the shape of the cross section, as well as to the material—a fact that 


is easily explained when the influence of an initial curvature or eccentricity is 
Regrettably, the dimensions of the constants in Eqs. 3 to 21 are not the 
“throughout all the formulas. In ‘following tabulation, dimensionles 


~ constants are denoted by zero, ero, and S represents a constant of the ‘dimension ofa 


— 

| 

— 
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‘The Kreiiger formula, Ea. 2 


. In the ‘ ‘Summary,” ’ the author indicates that “The column formulas i in 


Sections II to V, inclusive, apply for all values of the ratio of slenderness * 
small slenderness Eqs. 15 and 18 are to this state-— 


the author's 


that column must be valid for all ratios. Inci- 
aide, it would be interesting to know how two column equations have been 
derived from the same basic assumptions; that is (see paragraph containing | 
Eqs. 18), derived by the double-modulus theory from a stress-strain 
curve of the form of Eq. 17. en > Ojand Ba, 
Both the secant f 


of the Rankine formula. 


the [Rankine] gives er of the average than the 
_ mean of ‘the average stresses found in tests: of most materials.’ "This fact 


~~ Both the secant formula and the Ylinen formula : are e extremely difficult to 
= since a stresses a are not oo enptietty in terms of the slenderness ratio. 


(including the Johnson parabolas and the straight line), and Kretiger 
are of practical 1 value in the design of columns. The remaining formulas cannot 
be recommended, because they do not fit experimental results, and because > they 
do not define the — as an explicit function | of the slenderness ratio. ip ste 


The Asrflotformula,Eq.9...........0 0 
~The author’s formula, Eq.15...... = 
Theauthor’s formula, Eq. 18... .. 
| 
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TING COAGULANT REQUIREMENTS. 
IN SLUDGE CONDITIONING 


By PAUL D. McNAMEE a 


Paws D. 7 Esq.?¢—The question, “How ‘coagulant | is 
_ Necessary to condition a sewage sludge for filtration?” would rate $64 on any 
, quiz program. As a rule, fresh solids require less coagulant than do digested 
solids, whereas activated sludges require the highest dose. Without running 
actual filter tests, it is hazardous even to venture @ guess as to the actual 


_ amount of coagulant required by a particular sludge. _ The common procedure | 


is to add ° varying amounts of coagulant and then to compare filter yields or > , 
filtration times. Genter has presented a simple method for calculating 
7 coagulant requirements which should prove helpful to all persons engaged in FF 


- the filtration of sludge. — Eq. 6 appears to hold for all types of sludge; but, as" 4 
Mr. Genter has stated, ‘it may have to be modified somewhat when more results | 
are available for ¢ comparison. To date, Eq. 6 has had limited application and 
it 1 will be necessary to apply i it to many other sluc sludges | before its true worth can 


difficult to attain theoretical values; but, as Mr. Genter has stated, tee: use of 
such an equation does show when something is wrong. — Mr. Genter’s basic 
qi data showed that the Washington, ac. plant used more coagulant than is 
—) eter by Eq. 6. # Laboratory tests at the ‘plant t verify this conclusion. | At 
, = the Washington, D. C., plant, there has been some e difficulty i in . maintaining : a 
a” constant flow of elutrinted solids to the sludge meter, which in turn controls _ 
the ferric chloride doser. In other words, the ferric chloride is discharged ev ery r 
time the sludge meter makes a certain number of revolutions, and the ‘sludge 
- meter will revolve with a full or a partial load. If the operator regulates the 
discharge for a partial load and then receives a full load, the sludge w al be 


Nore.—This paper by A. L. Genter was published in March, 1945, Proceedings. _ - 


17 Chief Chemist, District of Columbia Sewage Treatment Plant, Blue Plains, Washington, D. ” 


Received by the Secretary March 29, 1946. 
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underconditioned, w which causes the filters to become clogged. with slime. 
necessitates shutting down the filter and washing the cloth. - To keep the filters. 
‘running, it is necessary for the operator to set the dose for a full load, with the — 
result that the sludge is overconditioned when a partial load is received. The — 
trouble is caused by small pieces of wood and trash that find their way | to the — 
: plant. The plant itself has no screens; s; the sew age is screened at the main sew- 
age pumping : station. . The bottleneck in the plant for this material occurs at 
il sludge pumps that handle digested and elutriated sludge. A single : stick 


will become lodged in a pump and a mat of fine material is built up which | 
wil 
eventually clogs the “pump. An extremely small amount of trash can cause 
- considerable trouble. . For example, | if just one sizable stick escapes in every — 
4,000,000 gal of sewage treated, sufficient interference has been created to re- 
quire thirty pi pump cleanings per day 7 ‘Various steps have been taken to remedy 
this condition, such as increasing the: size of the pumps and lines, but the condi- 
tion, pores relieved, ‘still exists. A different type of coagulant doser would — 
the screening facilities are needed for final 


te saving in elutriation under present conditions i is higher than 


‘Eg. 6 ii is divided into two parts: One part determines the ferric “Soride 
~ required to o satisfy the 2 alkalinity of the solution, and the other part determines 7 
on amount of coagulant actually needed to coagulate the sludge. The first 
“part is based on well-known and established facts. ~ Although there are many = 
] } theories in chemistry, there are but a few fundamental laws. The first part of | 
- Eq. 6 is based on the law of combining weights, which is well established. if > 
any fault is found with Eq. 6, it will probably involve the second part where 
2 Genter was limited | to eight sewage sludges for the derivation. — The ferric 
ee requirements ar are shown to be a function of the ratio of volatile matter 
to mineral matter in the sludge. _ This condition is somewhat difficult to ex- 
| ae since the. determination of volatile matter complicates the | picture. 7 ‘The 


changed by ignition into other changes in 
} ow weights. x Compounds such as sulfates break down with the loss of sulfur di- 
oxide ; carbonates lose carbon dioxide; and other ‘compounds may sublime. 
= The true organic content of a sample, therefore, would | probably be lower than 
the volatile content. ‘This fact does not invalidate Eq. 6, but it does make the : 
use of Eq. 6 more difficult since the operator does not know just how ‘much | 
true. organic matter is measured or to what extent the volatile loss m may have 
included i inorganic substances capable of reacting with coagulant. — The fact 
that Mr. Genter’s ratio of volatile matter to mineral matter does show such 
remarkable agreement with coagulant requirements must mean the 
a mineral-matter conversion factor measured by the volatile test is aed — 


different s sew: age ‘sludges. 
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‘Discussions 


a Mr. Genter has done ai affords a clear-cut: ‘Picture of the value of elutriation, 


Not only it be seen rata which lend themselves to elutria- 


_ ferric hy droxide by partial alkalinity ‘neutralization. — In running batch samples, 
= the stirring is usually fairly constant. When a a strong solution of ferric chloride 
is added to a sample, there will be a zone w vhere all the alkalinity i is satisfied and 
the local sludge particles are in n contact with 1 more ferric chloride than is neces- 
to condition them. ‘The resulting sample contains conditioned and un- 
 eanditioned sludge. In the case of sludges with high alkalinity, more ferric. 
chloride is precipitated before it can come in contact with a sludge particle and 
the percentage of sludge conditioned is not directly eed to the per- 


. Genter’s paper certainly supplies “ ‘food for thought.” It is probably 


- chloride itself with the preening rather than & question a the precipitation = 


with certain. 1 sludge was known 
digested sludges, where the volatiles are low and more constant, 


“tionship did not hold w other of considered. intro- 
- ducing #1 the ratio of volatile matter to mineral matter, Mr. Genter has correlated 
the other sludges. study o of Eq. 6 will prove wo while. For instance, if. 
- _ the operator is interested in discovering how the thickness of the sludge il 
change coagulant requirements, it is only necessary for him to select a given 
alkalinity value and plot the X-values different sludge concentrations. 
_ About ten times as much coagulant i is required, fora 1% sludge ¢ as fc for a 10% 
~ sludge to satisfy the first or X-part of the equation. n. If for no other reason than 
fe curiosity, all operators who filter sludge should try to apply Eq. 6 to * 
particular sludge with which they are dealing. 
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DISCUS 


ORGANIZATION, FINANCING, AND 
“ADMINISTRATION OF SAN 


PROGRESS REPORT OF THE COMMIT” TEE OF THE © 
SANITARY ENGINEERING DIVISION 


LV. ERNON Assoc. M. Am. Soc. C. ~—The United ‘States 
‘i Supreme Court in the case of Brush vs. “Commissioner of of Internal | Rev enue 
” | (300 U. S. 352) makes the following comment concerning the confusion that 
d 7 exists i in the court decisions of the various states as to whether certain functions 
if are governmental or proprietary (see page 362): 

n ; - “There i e is probably 1 no topic of the law in respect of which the decisions — a 
— of the state courts are in greater conflict and confusion than that which © 


deals with the differentiation between the governmental and corporate 7 
a ers of municipal corporations. _ This condition of conflict and confusion — 
is confined in the main to decisions relating to liability in tort for the o 
negligence of officers and agents of the municipality. I In that field no 


rule can be ex xacted from decisions.” 


var This case is an income tax matter. _ Under the tax law as it then existed 


a the salaries of officers: of municipalities engaged in a government function were - 
7 : exempt from tax and the question before the Court was whether the engineer _ 
7 of the New York Water Supply system was engaged in a governmental func- : 
tion. The Court in its opinion stated (pages 370- -371): 


“We conclude that the acquisition and distribution of a supply of — 


- a water for the needs of a modern city involve the exercise of essential govern- 
mental functions, and this conclusion is fortified by a consideration of the _ : 
>| public uses to which the water is put. Without such a supply, public 


public sewers so necessary to preserve health, fire departments, 
‘street sprinkling and cleaning , public buildings, parks, playgrounds and 


as: Nora. —This report was published in February, 1945, Proceedings. | on this paper has ap- 
peared in Proceedings, as follows: May, 1945, by C. Maxwell Stanley. 


Attorney and Eng. Expert, New York, N. 
Received by 9, 1945. ~ 
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il baths could a exist. And this i is “equivalent, in a oul sense, to 
aying that the city itself would disappear.” 
saying th y itself would disappear.” 


- sit can be said with equal truth that /modern cities would disappear i in the : 


a absence of a proper sew erage system. — ‘The Court further stated (see page 372) Ww 
that the fact that the government makes a a charge for the s service does not make _ 


Ww hat t the city is engaged in doing in that respect i is T rather rendering 


a service than ‘selling a a 
The same may be said of a sanitary system. 


_ The committee’s report states (see Section 15, Item (a)): “Under the pro- 
_prietary powers, the district would be financed by users and net by property.” 
: _ From the fact that a sanitary system may be considered a proprietary 
function, it does not necessarily follow that the system must be financed 
exclusively by users. _ Tt he construction and operation of the subw ay 
in New York, N. Y., has been held to be of a proprietary , character. A asa 
_ theless, ‘its huge deficits are financed from the general tax fund. ie on 
. The comments of the New York Court of Appeals, in its decision w hendie th 
it was determined that the construction and operation of the subway Tie A 


was of a proprietary character, indicate the basis of this determination. The 
opinion (matter of Rapid Transit Railroad Commissioners, 197 N. Y. 81) states: 


y, ‘Was the action of the city in building the subway, governmental or [ fr 

ss The city owns the subway, and it is a railroad corporation as far as. ~ 

the construction, operation and leasing thereof is concerned. It was not. es 

“required but simply permitted, to build and operate the road. It is FF ty 

authorized to lease its railroad, either for ‘a specified sum of money or a 7 

specified propor tion of income, earnings or*profits,’ or it may operate the + 


road itself and charge such rates of fare for transportation of persons and f 
property as may be fixed by its own boards and officers. In other words, : a 
- the subway is a business enterprise of the city, through which money may | 


be made or lost, the same as if it were owned by an ordinary railroad cor- Fg: 
poration. tt was built by and belongs to the city as a not 
a3 The construction and operation of the subway system was deemed to be oh 
proprietary because the project was a business ss enterprise. Of course, railroad 
d business is ‘usually conducted by | private corporations, a and it is truly. a business 7. 
enterprise. The ‘same ean hardly t be said of a sanitary system. Few indi- C 
viduals or corporations, | any, would undertake to supply sanitary facilities § 
business enterprise. prospect of ‘making any money would be prac: C 
tically nil . The object of such a system is primarily to protect the public fe 
health, and when a branch of the government undertakes to perform this 0 
function, it would seem to be purely a governmental one. — The United States j = 
Supreme Court decision in the Brush case, ‘supply system, tt 
equally applicable to the construction and maintenance of a sanitary system— ” 
that the government i is “rather rendering 1g a service than selling a a commodity ¥ . 
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_ A PLAN FOR A MOVABL LE DAM 


4 Discussion 


Jay L. SOUTHWORTH > 


es. 


= 


L. Sournwortu,® Assoc. M. Am. Soc. C. E.* dam described in 
this paper is worthy « of omnes both as a movable and an emergency dam. 


nance of the gates and lock chamber. It is Geter ter seb to a lock which 
has a shallow breast wall as illustrated . This construction should prevent silt: 
from depositing to a harmful depth o on n the structure i in its supine position. - _For 


- The dam should be designed to withstand the warping stresses resulting 
from the effect = the Sw wirl of f water ‘velocity. In actual 


Since 1925, the hydraulic system. for emptying and filling 


has been so improved that the surge—the principal cause of lock gate damage > 
int the past—has been ‘sufficiently reduced s so that the danger is practically 


removed. In thirty years of operation, the emergency gates of the Panama 
Canal have not been used as such. There has been no occasion to test them. 
Since the lock gates in the old Welland Canal between Lake Erie and Lake 
Ontario in Canada were damaged at the rate of two or three accidents per per year : 
fora long period, metal horns were provided at great expense at the miter ends 7 
; of the new Welland Canal lock ; gates to | prevent damage by. absorbing the shock 7 
7 JorE.—This paper ‘by Isaac DeYoung was published in February, 1945, Presaiion. Discussion on 
i this paper has‘appeared in Proceedings, as follows: May, 1945, by C. L. Hall, C. E. Meyerdick, and Ralph 
Civ, Engr., Federal Power Comm., Washington, D. 
Received by the Secretary May 9, 1945. > 
 7Engineering Features of the Illinois by) Walter M. Smith, Transactions, Am. Soe. C. E., 


Vol. 98 (1933), Fig. 11, p. 328. _ 
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4 of a blow : from a ‘moving vessel. Today operators have been trained to use 


extreme care in moving v essels through a lock. 


_ as described at great saving in 


‘aie and | unw wildy emergency ine that have been i in \ v rogue at Sault 
Sainte Marie, ‘Mich., and other places in the past. ~*~ 
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STRUCTURES USING REDUCED EQUATIONS — 


Discussion 


Janostav PottvKa,"' M. Am. Soc. Cc. of analyses of 
two- o-hinged arch of parabolic, cireular, elliptical with a variable 


are included showing clearly the effect of the variation of I, and the effect 0 of 
the s shape up upon the horizontal reaction H. With ‘this ‘evidenee, Dean Johnson 


arrives at the conclusion that H can be found with sufficient accuracy from > 
three — of average influence lines, referring to three general types of two- 
hinged arches. _ The author discusses the correlation of error resulting from 
average: values and the ‘ ‘correspondence of ordinates’’; and he expresses this _ 
error i in a novel manner by means of “‘difference terms. 
_ Furthermore, the a author defines the limitations of the method of using 


typical average values or reference curves. states that such “reference 


as s two-hinged aio, neanene of the lack of ‘ ‘correspondence of ordinates.” 

_ ‘Finally, , he concludes that such average reference curves will not nema 

give close approximations to redundant reactions for structures in which small — = 
produce large changes in reactions—as, for example, 

the moments a at the abutments of a restrained arch. 


The author derives the ‘ “reduced equation” (Eq. 10) from the 
(Eq. 9) by the variable term E I. This is possible 12,13 


by making EI ‘proportional to ) = ta 


in which “4 = tan 
,™ 16 used to determine the influence line for H in the case of a parabolic 7 


Nore- .—This paper by Lee H. Johnson, Jr., ., was published in November, 1944, Proceedings. Discus- 
-. sion on this paper has apueares ! in Proceedings, as follows: F ebruary, 1945, by Josef Sorkin; and May, 1945, 
I. Oesterblom, and Leon Beskin. ® 
Univ. of Eng. Cons. Engr., Berkeley, Calif. 
. Ritter, Albert 
der by W. Ritter and C. Culmann, Albert Raustein, Zurich. 


Switeriande 1906, Vol. 4, pp. 124 and 245. 
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POLIVKA ON REDUCED. EQUATIONS | 


_ The second term in Eq. 47 is an expression of rib shortening; and, for x = = 


(or fi for j in the the paper), Eq. 46 yields: 


‘The effect of a a variation in the thickness of the vibe i is tote by expr ess 
 &§ ‘ing the variation in simple terms which a allow easy integration—a procedure 
Ww hich has been proposed by several writers. 14,15 The new version of the 


ee reduced equation should be a great help in the design of { two- hinged arches 
with variable moments of inertia because the ‘conventional ‘methods involve a 


great many cumbersome computations. 

“*Beitraege zur Theorie der vollwandigen Bogentraeger ohne Scheitelgelenk, ag Max Bitter, W. M: 
Ernst & Son, Berlin, Germany, 1909. ti 

Methoden zur Statik der -Rahmentragwerke und der -elastische Bogentraeger, 10 


Strassner, Vol. 2, W. Ernst & Son, Berlin, Germany, (1921. 
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n 
By Maurice N. AMs 


Maurice N. AMSTER,’ M. Soc. C. E. 7a_Quite appropriately ry 
aie Soucek emphasizes the necessity for giving full consideration to the limita- 
tions involved in applying tl the test t results to the design of other gate operating 
machines. More: than one of the discussers overlooked the limiting nature of 
the writer’s statement (see heading, “Application of Test Results to Other 


—_ Gates”) that the t test data ‘ ‘probably’ : could be applied to > other miter 


specific mentioned by Mr. Soucek i is the fact that no 


made of the effect of speed variation at low submergences. In the case of a 
miter gate of the same length, operated on the same kinematic cycle but with a 


submergence lower than that of the “base conditions,” the only —: - 


for an n operating. of 2 min The of geometric is 
small, however, and the speed- -torque relations in 6(a) can 


leaf to submergence i is not too far from unity. — ae 


idea basis for. estimating loads on other. with similar kine- 

Matic cycles. The angular position at which peak load occurs is close to that 

at which peak load was observed in the model tests of single-leaf operation. 
wever, the kinematic ¢} cycle of the cable-and-drum mechanism described by 

Mr. DeYoung is so unlike that of the crank- and- strut mechanism used i in the 

Panama Canal locks that the e significance o: of the 1e agreement between results in 

the two cases is doubtful. s he diagram presented by Mr. DeYoung in Fig. 12 


is is quite convenient for some purposes, 


__ Nors.— —This paper by Maurice N. Amster was published in March, 1944, Proceedings. Discussion on 
1 is paper has appeared in Proceedings, as aos June, 1944, by Edward Soucek; September, 1944, by | 
saac DeY, and F. W. Edwards is; anc , by William A. 
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AMSTER- oN ‘MITER GATE 


Professor Edwards presents’ of the test results, 

> ‘The range of f operating times tested with the model, like « other ‘phases | of the 
model tests, was confined to 0 the ec contemplated range of prototype values. It 
is regrettable tl that the model-test schedule could not be extended to cover more 


a: _ As Professor Edwards states, the model study did not include any variation 


_ of the kinematic cycle except speed. The writer’s conclusion that low speeds | 


are best at the extremes of travel was based on the fact that peak loads occur 


near those positions. — It is quite evident that a uniform speed throughout the 
leaf movement, for example, would produce. even greater peak loads. 


ideal load would be a uniform one, and this Ww ould be approached, not by in- 

~ ereasing the relative ‘speed 1 near the recessed position, ' where a slight: pes ak already 

exists, | but by decreasing t the relative speed near the mitered position. The 

ee to o which can be achiev: ed in pre actice is limited by. mechs and 


4 ‘ment show due that he has applied steady-flow | formulas to transient phe 


‘Tripp obtains results s differing so greatly from those repor ted, and in wenden 
tion of the danger that his method of computation might be adopted by other 
a detailed examination of the differences and the reasons therefor appears a 


visable. Accordingly, it will be shown that: 


. The gate loading cannot be computed ¢ on n the basis of surface areas -_ 


The effect of the 200-ft downstream chamber length is relatively small 
: 3. The culverts have negligible effect t upon the critical gate load; 
The loads for the “base conditions, ’ although ‘somewhat severer ths: 


pall. normal operating Io loads, may occur in the prototy» 


_— . The “base conditions,” as applied, are logical criteria for design of t! 


tween n the limits of 300 ft and 1 ,105 ft for both the opening ‘operation and t the 


closing ng operation. — The peak to: torque reached i in the opening operation is critics I 


for design. — : In these tests, the dow nstream chamber length was held consts= 
at 200 ft, but i it is theoretically evident , and was shown by: similar tests, thsi 


thee effect of length changes i is about the same for an upstream chamber as fo: $ 


downstream chamber. These tests clearly that changes in 
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alts. | length had ‘no significant effect. for lengths exceeding 625 ft and therefore that 
the the gate loading cannot be computed on the basis of surface area. 7 The theo- 
‘lt retical | basis for this result is quite wave velocity i is ‘expressed by 
nore 


in which ¢ is — wave velocity ; g is the grav itational acceleration; and y is is the 


tion 
eeds pene c = ¥32.2 xX 82.5 5, or about 50 ft per sec. . ‘The peak opening 


ecur 


10 
8 
° 
=2 
eM.— 14 | 
iders 
12 
thers 
wor > |. 
; 
| 
of t ) CLOSING OPERATION 
16 20 24 28 32 36 40 44 48 36 64 
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ities torque occurs about 20 sec after operation begins; therefore, i in order for the 


peak torque to be affected by the waves generated at the instant operation - 


nstaz! 

5 the begins, these waves must encounter a reflecting surface no farther than about 
a 500 ft from the gate. ye Since the | torque remains at or near its peak value for a 
= B® few seconds, it was stated conservatively (and it was shown by the © tests) that — 


® lengths exceedin 62 

. g 625 ft ft have no no effect upon the peak torque. “ak wi, 


— 

937 
‘ 

LEGEND | | on \ 
be: 

— 


AMSTER ON MITER GATE OPERATION Discussions 


The fallacy in computing the operating loads on the basis of surface area, 

as ‘suggested by M Mr . Tripp when he / mentions “* * * a definite volumetric 
change, which must be distributed over r the free surface of the lock chambers 
is evident when it is considered that consistent application of 


‘Game would indicate : zero loads in the o operation of a gate separating two areas 


As shown in Fig. 13, a reduction in upstream chamber length from 625 ft 

- (the appr oximate limit of significant length effect) to 300 ft increased the peak 
opening torque from about 17 ,000, 000 lb-ft to about 20,000,000 Ib- ft; an in- 
crease of less than 10% in torque onemgunls toa sda of 52% in 1 upstream 

7 chamber length within the effective range. Any reasonable method of extra- 


polating these results- Mr. . Tripp’s computation | procedure—would show 
; that a decrease of 68% in in chamber length wo ould not increase the torque to 0 the: 
extent indicated by Mr. Tripp i in his discussion. ~ Even when one of the 1 two 
chambers is only 200 ft long, it requires about 8 sec for a wave to travel the 
length of the short chamber and back. _ Thus, the reflected wave that is effec- 


-™ early i in the cycle and produces a correspondingly small effect. 8 8 
a - In making | a substantial allowance for the effect of culvert « discharge upon 
Fs the gate operating load, Mr. Tripp again ignores 2 a transient phenomenon that | 
‘makes the effect of the culverts negligible. Tests of an intermediate gate at one 
of 1 the existing locks showed that the duty cycle was absolutely unaffected by 
the position of the culvert valves (that 1 is, whether they were closed or open). 
7 Since this result differs so greatly from Mr. Tripp’s belief, some explanation o! 
the reason is necessary. If a gate were operated under the base conditions— 
that i is, with a 1 ,105-ft length of chamber upstream and a 200-ft length ‘down 
stream—the throttling effect of the small port- -and-lateral capacity in the short 
- chamber would so restrict the culvert flow that little effect would be expected 
Therefore, : a condition more favorable to free flow through the culverts will be 
_considered—opening of a | single gate w with chamber lengths of f more t than 1,00 
both: upstream and downstream and with culvert valves ope open. Since th: 
leaves are a accelerated continuously during the interval prior to occurrent 
of peak torque—a time of about 20 sec—the conditions will not be affected by 
‘salleetions from the chamber ends and there will be an approximately un unifors 

slope upward toward the ; gate from a point about 1,000 ft upstream and 3 
-Spproximately uniform slope downward toward the gate from a point about 
1,000 ft downstream. At the instant of peak torque, the culvert dischary 
Pty the average head on the ‘system would be about 25% of that du 
; to consideration | of the head at the gate. However, the a actual dischare 
is much smaller. is impossible to determine the ‘ ‘equivalent -unthrottle 


manifolds, but since “_- an n approximate anwar is sought, it: will be assume 


“equiv: 


- unthrottled length” of are 1,000 ft ‘rather ‘than the total culvert length of 
2,000 ft. is evident that the length cannot be shorte: 


w. With an “equine 


tive at the instant of peak torque originates from a slow gate movement occur- 


lengt ” of the manifold ‘system the theory of hhydraul: 
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ons June, 1945 AMSTER ON MITER GATE OPERATION 

rea, lent 1 unthrottled length” ” of 1,000 ft, even if head losses that i oppose the flow are 
trie: ‘ _ ignored, the acceleration of the culvert flow would be approximately 0.016 ft — 
bers” sec per sec at the instant of peak torque. The approximate mean accelera-_ 
that F tion from the start of gate operation to the instant of peak torque would be | 
reas | 0.008 ft per sec per sec, and the velocity of flow would be approximately 0. 16 
— ft per sec. _ It appears that the velocity computed on the basis of steady flow 


5 ft corresponding to the head at the gate, disregarding friction losses, would be | 
peak 7 about 8.0 ft per sec—fifty times as as great a as the effect et obtained by consideration ; 
ine of transient conditions. course, one simplifying assumption after another 
‘eam has been used in the preceding evaluation of the effect of the culverts for the 


<tra- f transient conditions; howev pr, any reasonable | adjustment of these assumptions 
show _may be made without effect upon the principal conclusion—that the observed © 


> the lack of appreciable effect of culvert discharge is consistent with theoretical 
two considerations. 7 A short loop culvert or an opening in the gate, of course, w would 


sffec- Tb was not intended to conv ey the impression that the results for ‘ “base 
ecur- conditions” represent the average operating load. Iti is true that Ww hen two 

. ~ consecutiv e gates 200 ft apart are sw ung simultaneously | the load is distributed : 
upon to two sets of gate machines and is not critical. However, such operation will | 


that "not be as general as would be inferred from Mr. Tripp’s comments; it — 
tone occur only where it is desired to maintain two barriers against the upper pool. 
In other locations, it is is contemplated that a single gate will be operated, with 


pen). of more ‘than 1 ft both “upstream and downstream. 


ons—f 2,000,000 or. 3,000,000 lb-ft less the value obtained Ww with the base condi- 
lown- tions” used the model tests when no extraneous factors enter the problem. 


short — ever, one normal condition, the presence of § a large s ship in either of the - 


ected chambers between which the gate is located, will create a peak torque closely 
vill be approximating that of the “base conditions.” Occurrence of unexpected 
1,00 surges is another factor that makes it necessary that the design load exceed 4 
ce the the usual operating load by a Teasonable an amount. Since the main purpose of 
rrene| the pay paper was to illustrate the application of model test data in design, it was 
fed by not considered od necessary to explain in detail all factors affecting selection of the 
nifora base conditions, any more than it is felt necessary to defend the selection of a — 
nd at ‘conservative unit stress in the design of an important structure st subject to 
about variable and uncertain loads. However, Mr. _Tripp’s claim that the base— 
charg? conditions wer were e unduly conservative makes it clear that some of the : additional = 
at due factors considered in establishing ‘the base conditions should have been 
char: J) plained for the benefit of those who are not familiar with the actual al operating - . 

draul: The peak- in model tests for “base conditions” 
sume Fe Were | used as criteria for the design of the mechanical components of the gate 
ivalest Fy - operating machines because, as stated in the preceding paragraph, it is entirely 
igth « - possible and 1 very likely that these values will occur in normal operation of the 7 
horté- 


lock ‘gates. However, the power of the driving motors w as not controlled by 


- the peak- -torque requirements. — During the part of the gate movement at 


Which 1 the peak torque occurs, the motors : are loaded to approximately | 180%, 
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also intended that, in the event of 


of their full- torque. rating. was. was a 
of ‘operating ‘tote leaf under otherwise favorable 
single motor would be considerably overloaded. 
ed In conclusion, it is interesting to observe that transient conditions closely 
a analogous to those affecting the peak op opening torque exist in the field of elec 
trical engineering. . This is true not only of the wave conditions in the lock 
_ chambers but also of the inertial effects: ‘that make the discharge through the 


‘The writer wishes to thank Messrs. Soucek and G. D. Smith for their assist-. 
ance in the preparation of the text of this closure. interest taken by all dis- 
is also appreciated, | 
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RALPH W. . Powe,” } M. Am. . Soc. E.2%— —As the aut authors state, the theo- 
retical tr eatment of the pressures in manifolds has been very Ragone 


(a) DISCHARGE INTAKE PORT 
We. 22. —Dracrams or 
ig. 22(a) i is a diagram of a single manifold port with liquid entering through | : 
| pipe 1, and leaving through pipe 2 and branch 3. The total pressure on . section See 
CD must exceed the total p pressure on section AB by the loss of momentum per > 7 
‘second, in the axial direction, of the liquid in the space ABCD. Since the 


liquid Seve ing into branch’ 3 will not cross section BC at right angles, it will = 


carry d some me of the ‘momentum. _ The neglect of this condition vitiated 


: aa Notge.—This paper by Edward Soucek and E. W. Zelnick was published in October, 1944, Proceedings. 
Discussion on this paper has appeared in Proceedings, as follows: Marsh, 1945, by J. Pietrkowski; April, = 
1945, by John S. McNown, F. W. Edwards, and W. M. Lansford; and May, 1946, by Robert F. ‘Kreiss, 
Associate Prof. of Mechanics, Ohio State Univ., Columbus, Ohio. & A 
Received by the Secretary April 27, 1945. 


Discussion by R. W. va of Sprinkling Systems for by J. E. Chris- 
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the 
als- 
4 
oot, 
> feels moved to make another attempt to clarify the underlying hydraulics of the _ = ei 2 
problem. Discussion will be limited to the case of a single port. 
“| 
at 
4 


in which 65 i is the mean angle that ‘the liquid crossing section BC makes boon 


Discussions 


pipes correcting for the nonuniform velocity ~The other sym- 


bols are defined in the paper. 
| 
Assuming that and are both unity, letting — tan 
the value given by Eq. 2: 
When P, is small, the foregoing assumptions are probably ne nearly correct; but, . 
larger values of Pa, the factor Bo will be much larger than unity. , 
-* Using Eq. 23 and the data given or ‘cited i in the paper, -, the writer attempted : 
to find the value of 03. - About his only conclusion was that 5 approached 90° : 
8 as Pa approached zero and that it also depended | very much on the vi value of , 


A./A>- In 1 fact, for r any given value of Ps, when the side branch was made ; 

- smaller with ‘Tespect | to the main pipe, 63 was increased enough that y Temained es 

more nearly the same for different values of AJAy than did Bs tan ide. Inf : 

4 


5 any given case, ‘assuming a reasonable value of Bs, such as 1. 05, | an _entirels | 


‘The case of inflow i is s show nin Fig. 2 2(b). The total pressure 01 on section ABE 
em the total pressure © ‘on section CD <a the ge gain in n momentum per se second, 
the axial direction, of the liquid in the ABCD. Thus: 


| 
| 


= B — (1 P Bs (F tan 03 


— 


or letting Zp 


In Eqs. 24, 25, and 26, Bo, 3y and 03 are all n, n, and seems little 
chance of determining them short of laborious experimenta. . ByE plotting J Fy 


against P; as in Fig. 7(d) and extending the curve back to P; = 0, _ the value 
of Be can be estimated for small values of P,. - For Port VII the value of B: 
Lg seems to be 1.12 and for the other ports itfvaries from 1.03 to 1. 18. The dats: 
4 Itaru Naramoto and Taijiro Kasai*‘ gives, as nearly as can be ectimated:| 


2 ‘‘On the Loss of Energy at Impact of Two Confined Streams of Water,” by Itaru Naramoto and 
_ Taijiro Kasai, Memoirs of the College of a Kyushu Imperial Univ., Fukuoka, Japan, Vol. Vi 


~ 


4 
— 
| 
3 
= — (1 — P;)? — (Pi)? (26) 
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with p= 1. 06. The foregoing are for low values of P;; when P; becomes large, 


otiive - Ports I, II, III, VI, and VII show that the value of Be must increase, because 
sym- otherwise the of tan. 6; become 


Table 5 gives a possible set of values 


for Port I. . The values of P; and J are ae o.oo owe 
2) scaled from the plotted values in wll 
ating teen of the thirty points been Ose | Low | 
eluded, but they are distributed through- 
out the range of the experiment. Values 4 
0.266 | 1.040 | 0.79 
of B2 have been assigned | arbitrarily, but br 
in ‘such a w way as to give a smooth curve 1.17 om 
y VUL, 0.567 -69 4 
M 
d 36/ 12.25 = 2. 94, resulting | 1.245 | 0.086 
d 90° of seem to be reasonable.  Unfortu-- | 366 | | 
nately, the writer has not been able. 
made devise any equation that y will forecast the values of B2 and y or 43. For) — 
ained i of the same proportions as those used by the authors, designs may be based on | 
experimental rest ults. For other proportions, new model will be needed. 
alue Epwarp Soucek,” Assoc. M. An Soc. C. E. » AND Ww. ‘ZELNICK, 26 
Jun. Am. Soc. C. E. %a_As the principal conclusions of the paper appear to 
— £ have been accepted by y al who discussed it, this closure will be confined to a 


brief comment on each discussion and to clearing up a few minor points con- 
corning which some difference of opinion appears to exist. 
- | Mr. Pietrkowski ki enlarges upon the ‘Suggestion that the theoretical treatment 
, adopted i in the paper is related to the analysis of flow in side channel spillwa ays. + 
’ ” : Tn his problem, the lateral discharge is is out of the channel rather than into it. 


Although the haste ptincighes are the same in the two cases, the direction of flow 
Tequires consideration as it that the conditions necessary for ka - 


cond, 


7 (25) cannot be obtained whereas k; = 1 is quite possible. This point will be con- 

"sidered further: in connection with: ‘Professor MeNown’s discussion. Mr. 

Pietrkowski’ references concerning the conditions under which Bernoulli's 
7 - theorem may be applied will be valuable to those who wish to explore the 

¢ ‘limitations of 4 this important principle 

-(26) J Professor MeNown’s study « of the manifold problem i is lucid and compre- 

ae) hensive; for research purposes, it may well supplant the brief theoretical study © 

s little which ‘sepened in the paper. For use in design, either treatment can be — a 

ting J considered: merely to support 1 the observation that the characteristics of a 


“port and culvert combination are expressible i in terms of Pg and P;. Professor 


suggests clarification of the statement that “* * * * Bernoulli’ 


= is not applicable to the phenomenon under ‘consideration, although a a 


1e dats 
mated: 


moto ane 
Vol. V1 


26 ith The Panama Canal, Balboa Heights, Canal 
Receiv ved by the Secretary May 15, 1945. 
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so 

‘modified energy equation might be used.’ ’ Bernoulli’ s theorem with a head- 
loss term is probably satisfactory f for ‘the analysis of ‘discharge 1 manifolds—tests 
of Boulder Dam penstocks \ were analyzer zed in this manner by the U. S. Bureau of 
Reclamation.’ In intake manifolds or or ‘side channel spillways where flows from 
sources of differing energy content converge and mix in the culvert or channel, 
as the case may be, Bernoulli’s theorem would have to be modified by weighting | 
: the h head from the two sources in proportion to the respective discharges, even 
if enc emery losses did not oc oceur. « In the side channel spillwa ay, the energy of the 
the inflow, : a . large part of the energy could be 
conditions occur in an intake manifold. In connection with use of the energy 
principle for discharge manifolds, the Oakey-A ¢ curve indicates an energy gi in 
_ in the direction of flow. | The consistency of the A, B, C, and D curves makes 
experimental error an extremely unlikely explanation of. the phenomenon. 
Professor McNown’s | other suggestion—that the lateral bleeds awa ay enough 
low velocity water to increase the energy content. of the remainder—seems 
“more logical. However, there is another  possibility— that in some manner 
-mechanically | similar to that i in which water does work on on a turbine blade, the 
— lateral discharge actually yields a portion of its energy to the conduit flow. 

If future research should indicate that this is the correct explanation, it. would | 
_be preferable to use the momentum principle for both intake and discharge 


_ Professor McNown stated that t the mention of ka=1 has no practical: 

' aaa, a The remark in the | paper was applied to insertion ‘of values i in 
_ Eq. 2 and Eq. 3, and consequently no practical significance was indicated. _ Itis 
clear from the text that values of kz = 1 were not anticipated. . Moreover, 
the statement pertained equally to A and ka; ky = lis decidedly significant. 
«dt is well, however, that | Professor McNown has clarified the matter. Mr. 
Pietrkowski has used ke = =1 for analysis of a side spillway. but, , if the weir is 


a with side-walls so as to deflect: the flow at Tight angles” to | 


Conversely, if the weir is sharp-edged, the flow will not be diverted at , right 
angles to the channel axis and a basic condition of the derivation—loss of 

momentum by the lateral flow—will not result. In either case, a rise in water 
~ levels substantially less than twice the differenee i in velocity heads may be 
a 


It appears that Professor M McNown may overestimate 2 the significance of the 
correspondence ¢ of his ¢ (= = constant)-curves with the Enger-Levy curve. The 
_ theoretical bases for this curve involves flow through a longitudinal slit in s 


, _ Although the substantial correctness of the curve is indicated by tests," 
the agreement is not so close as to ‘warrant adoption of the c (= constant)- 


_ 1“*Model Studies of Penstocks and Outlet Works,”’ Bulletin 2, Pt. VI, Boulder Canyon P ‘Project Fins! 


-Repts., Bureau of Reclamation, U. 8. Dept. of the Interior, 1938. 
10 ‘*Pressures in Manifold Pipes,” by M. L. Enger and M. I. Levy, Prenton, A. W.W.A., May, 


p. 659. 
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“curv ves, as may determined experimentally. Discharge from a longi- 
tudinal slit in a pipe—the basis for the Enger-Levy curve—is a phenomenon . 
“closely related to flow from a discharge manifold, but there are significant 7 
differences. Some of these were revealed in 1931 in discussions of a paper by 
Jakob | Kunz.” The jet discharged a continuous slit suffers: 


Tet ainS a longitudinal velocity aun equal to the pipe velocity at the 
‘point of issue. _ The normal component of velocity a appears to take place at 
“the expense of pressure head only (it is assumed that the slit is at an extremity - 
a horizontal diameter). Shock loss i is conspicuously absent. ‘Under these 
conditions, there is every reason to . expect: that the pressure changes would 
in “accordance with Bernoulli’ theorem, although the momentum 
principle w was used in deriving the curve. 7 In a discharging manifold, shock | 
“Toss (or unbalanced port pressure if the momentum principle is used) is the 
essence of the problem. 7 Despite these minor differences of opinion, Professor 
MeNow n ’s basic ideas are accepted and endorsed— 
thorough: treatment of the energy ¢ concept which was suggested i in 
the paper. _ Although it is quite generally realized that the momentum and 
4 energy principles are but different statements of Newton’s Second Law of 
es ‘statements that one or the other is exclusively | applicable are fairly © 
q 


common. — No statement, in the paper was intended to suggest exclusion of the 
energy principle but the. clarification suggested and largely supplied by Pro- 
fessor MeNown w as highly desirable.  — 
Professor Edwards’ discussion is most w welcome; it was he who initiated the 
test program in the face of considerable evidence that the theory could not be 
developed in time for use on the Third Locks Project. As he states, the 
- studies and tests did much to expedite the design and testing of complete lock 
models. The characteristic curves for Ports I to VI, inclusive, were much 
- better defined than those for Port VII as shown in Fig. 21 by Mr. Berk but the 7 
verification tests. were made for Port VII only. It is for this reason that 
* ort VII j is presented i in detail. ‘The port described by Professor Edwards has" 
: several desirable characteristics, the foremost of which | are its high capacity, 
a a relatively constant discharge coefficient over a considerable range of Pa, and 
"elimination of an undesirable velocity component—lack of the latter charac- 
- teristic to some € extent defeats the purpose of the bottom- filling system of the 
original Panama locks. The ‘similarity of | the ports used in the MacArthur 
Lock and the one described by Professor Edwards has been noted. There is 
- little doubt that this 3 port. shape i is s largely responsible for the quiet filling « con- 
| ditions in the MacArthur Lock—in addition to its other advantages, — the 
flattened jet has a large surface area which is conducive to a high rate of energy 
dissipation and tends to minimize surface disturbances. 
‘The curves introduced by Professor Lansford provide some basis for the 
analysis of flow from a perforated pipe but should eventually be. supplemented . 


= tests on a larger scale which will enable calculation of the pressure gradients. 


ons June, 194 | 
ad- closely to the curve for ks = 0.3 over a rather wide range. 
asts a wide range. Of course, it 
‘om 
nel 
ting 
ven 
rect 
rain 
akes | 
non. 
gh 
ems 
nner 

the 
ould 
arge 
f = 
tical 
2s in 
ver, 
cant. 
nity. § — 
water 
~ 
be 
aid 
of the 
The 
ina 
ant) 
rable 
qui 
quite 
im 
May. — 


sOUCEK AND ZELNIC ‘1K ON M EX ‘PERIMENT TS Discussions ns 


Although Fig. 18 shows the ‘ ‘great effect the 1 r ratio of the kinetic energy xy to the 
potential energy - has as upon the flow” through a manifold orifice in a pipe,” it is 
not evident upon inspect jon that the d: ata corrobors ate a functional rel: itionship 


between the discharge coefficient and the ratio P re Star arting with the basic 
= equation, successive transformations show that such is the case (Z, and 


=*, 


(Pa 


"This of the the paper is is 

The tests reported i in the paper would be of little value if they « did not lead 
a method of designing” manifolds. Mr. Kreiss: contributed : a very 
practical mi means of applying the theory. In Eq. 18, _ the quantity — N A; is 
the gross. area of the Loa ts downstream from the section at which the e energy 


- 7% head is determined. In a simple manifold, for example, a lock culvert: with 


— wall ports, the energy head producing Hochanan | is simply the ; gross head minus 
— entrance losses. : A few preliminary calculations will indicate whether or not 
friction losses are signifies aunt in any par ticular es ase—Fi ig. 20 omens as a guide 
for es estimating the effect of friction losses. f, It should not be overlooked that 
calculations similar to those in Table 2 must be made in the preparation of 
Table , 4. Thanks a are due» to Mr. Kreiss for undertaking this task and for 
_ presenting data on several more ports. — It i is gratifying to learn that he has 
made additional tests which tend to confirm the value of single port. data in 


Mr. Berk’s comments are particularly interesting because they 
‘an error that is very likely to occur if it is forgotten that the characteristic 
curves” are for a particular port and culvert combination—not for the port 
alone. 7 Under the heading, ‘ “Single Port Tests: Limitations,’ ’ it was s stated 
that “The data are based on tests of ports of particular sizes, shapes, and 
lengths—attached to a conduit of particular. size and shape. Elsewhere 
in the paper, the effects of conduit area and conduit velocity ° were mentioned. 
Eq. 27, applicable to Professor Lansford’ s data, further shows that the culvert 
has an important effect upon. discharge coefficients. 


_The concept at 


size as the one ree in single- -port tests of Port VII; therefore, as Mr. Berk 

‘indicates, scale effects were not investigated. Howe ever, the phenomena con- 
sidered are essentially dynamic character and | there is little question t that 
Froude’s law is applicable. — The inconsistencies which Mr. Berk believes to 

~ exist are entirely due to incomplete geometric similarity in his comparisons. 
All data are based on a 6-in. square conduit. — The values of C which would be 
the of a prototype lock “manifold, with 

s” are the 
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same as those obtained in small-s¢ -scale model tests, but the chan arac teristic curves” 
would have to be based on complete geometric similarity. 7 ‘The culvert size 
and shape must not be ignored. _ In some cases, allowance for departures from 
geometric similarity could be determined by interpolation based on diagrams 


similar to Fig. 21. 


as 


_ Although Mr. Berk’s conclusion regs arding | the value of small- scale tests 
must be rejected, his sincere discussion goes far toward clarifying the concept. 
of the ‘ ‘port and culvert combination. ‘ai Table 1 shows that Ports I to VI, 
inclusive, a are all geometrically dissimilar. Even if the lengths of Ports I to 
IU, inclusive, had been proportional to the heights and widths, the fact that 
all ports were attached to a 6-1 -in. square conduit would prevent correspondence - 
of the characteristic curves. Similar reasoning is applicable to Ports IV to 
VI, inclusive. Although interpolation i in Fig. 21 between the curves for the 
snl cornered ports would be more difficult and less reliable than for the 
square-cornered ports, it would suffice for some > purposes. 

additional single gil tests might be n necessary. 


of designing a a prototype manifold larger in siz size than the test models and with 
port shapes other than s square cornered” is much to be desired, it is far beyond — i> 
the scope of the paper. Mr. Berk raised the interesting question of scale 
effects, but this too is bey ond the scope of the paper. How ever, there is much 
reason to believe e, from the ever- increasing ; number of model- “prototype | com- 


parisons, that scale effects would be very § small in the present case. . As ex- 


plained in the pa paper, the allowances for conduit friction of 

; scale e: effect, so one eseeeenl source of error in model indications has been 

_ Professor Powell has extended the analysis to cover momentum coefficients | 

and angularity of velocities. Itis unquestionable that a complete understand- 
ing of the mechanics of manifold hydraulics must be developed along these 
lines. Fortunately, design of manifolds need not await the isolation and 
analysis of these factors as their effects may be grouped together and deter- 
mined experimentally. Table 5, prepared | by Professor Powell, appears to 
indicate | reasonable variation in angles and momentum coefficients for Port I 
although, as he states, determination of exact values would require “laborious 
me In closing, it should be emphasized that the use of characteristic curves 
for study of any port-and- culvert combination is simply a convenient method 7 
of reducing the number of variables. The fact that the characteristic curves 
“may be plotted i in terms of Pa and Ps is not a fortunate accident: but has the , 
same physical basis as the dimensionless s representation c of pressure variations — 
in a bend. | The ratios Py and P, establish the arrangement of stream paths 
and these patterns remain essentially unchanged by variations in the absolute 

; Values of the several variables if proportionality i is maintained. One additional 

4 point which may merit mention is the fact that an entire lateral i in a bottom- ; 

q filling lock can be treated merely : as a port: on the longitudinal culvert. i The 
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IN A (CHANNEL OF ‘DEFINITE, 


Jon Jounson, 26 Assoc. M. Am. Soc. .C. E. A. . LeRovx, 
‘The author is to be congratulated for a ‘splendid experimental ceded 
yee is a welcome contribution toward a better understanding of the problem 
channel roughness. ‘Similar investigations in the University of California 
- Fluid Mechanics Laboratory at Berkeley were made with water in both open 
and closed channels, and with air in closed channels. _ Various s types of artificial 
used. Experiments by * Skoglund®* were ‘made with 
water in rectangular channels roughened by 60° V grooves | transverse to the 
direction of flow. - The grooves were 0.060 in. apart with an average depth of 
0. 0125 i in. _ The hydraulic 1 radius was varied from 0.030 0 ft to 0.2 230 fi ft. Late 
4 experiments ¥ were made by J. E. Ogden” using this same apparatus but with 
a groove spacing one half that used by Mr. Skoglund; that i is, the roughness 
grooves were 0.030 in. center to center. — Tests were made with the hydrauli 
— radius of the channel equal to 0.019 ft. The results of experiments in 8 
a triangular open channel with the roughness formed by attaching sand graini 


constant mean diameter: to the channel walls have been ‘published by 


Other ‘open-channel experiments were made by M. E. Fuller — 
Graham, Juniors, Am. Soc. C. E., ina rectangular flume 9} in. by 93 in. i 
Ss section and 70 ft long. a1 ‘The type of roughnesses included the following 


combinations: (a) ‘Smooth sides and bottom coated with enamel; (6) sides 


os — Nors.—This paper by Ralph W. Powell was published in December, 1944, Proceedings. _ 
- % Asst. Prof., Div. of Mech. Eng., Univ. of California, Berkeley, Calif. = 
27 Graduate Student, Univ. of California, Berkeley, Calif. 


Effect of Roughness on the Friction Coefficient of a Closed ( ‘Channel,’ by 1 V. Skoglund, 
of the Aeronautical Sciences, Vol. 4, November, 1936, pp. 28-29. 
29 ** Artificial Roughness,” by J. E. Ogden, Univ. of California Fluid Berkel 
Calif, 1944 (unpublished report)} 
+e 30 ‘*Friction in Hydraulic Models,” by Thomas DeF. Rogers, Civil Engineering, June, 1939, p. 367. fio 
31 Study of the Distribution of Frictional Energy Losses in Open Channels,” by M. E. Fuller sai 
R. E. Graham, thesis submitted to the Univ. of California, Berkeley, Calif., 


in partial fulfilment of tl 
for the — of Bachelor of Science, 1942 (unpublished). 
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‘and bottom covered with a 90-lb Flintkote roofing paper w ith . rough: side ex- 
posed ; (c) enameled sides with bottom covered with the roofing paper ; (d) 
enamel sides with }-in. mesh hardware cloth tacked over the roofing. paper 


on the bottom. — These roughnesses are not “definite” in the sense implied by — 


the author ; hence, the results are not summarized herein. 


7 as Of particular value i in connection with a discussion of the author’s data are | 
“the results of various investigations on roughnesses, rectangular in cross 
section. Although most of these data have been discussed elsewhere, a 
‘summary (Table 3) in terms of the author’s notation is necessary for com- | 
TABLE 3.—Summary oF INVESTIGATIONS ON RECTANGULAR ROUGHNESSES, 


Untv ERSITY oF CALIFORNIA 


W. Tripp anv 


4 1% 5 0.000652 
1.5 5 | 0.00176 
0.0264 
5 0.0155 
0.0155 


om 


0.0022 9.0112 


0185 


1 

5 

3.00 | 0.0170 
| 
fa 


0.0432 
0.0525 
0.0313 


1. 


0.0202 


0.0940 0223 
0.1255 0240 
0.1270 


-02 400 


7 
0.0176 «| «(0.846 
12 | 00925 | 444° 
0.0549 | 2. 
| :0.0641 3. 
0.0840 
0.0163 
0.0870 


he various 
menters, the data i in n Table 3 include the following terms (see Fig. 12): Center- 


to-center spacing, s, of the roughness battens; the batten height, h; the batten 


physi “Rectangular Artificial Roughness in Open Channels,” by J. W. Johnson, Am. Geo- 


hysical U nion, Hydrology Section, 1944. 
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AND LEROUX ON CHANNEL ROUGHNESS» 
width, t; the width- height ratio, th; and the spacing ratio, The observa- 
tions of W. Tripp* and F. Jonassen™* were similar ‘to those of Mr. . Skoglund, 
except that air was used in wooden rectangular conduits roughened by saw 
transverse to the direction of | 
flow (Fig. The investigations 
by Cc. AL ‘Smith, Jr., and C. Warren, 
Juniors, Am. Soc. C. E., and by the 
12. or Drm=nstons writers were made in a wenden flume 


R 
in. by 93 in. if cross section and 


ft long. In the experiments Smith and Warren the 1 roughness 
was formed b by saw cuts made in removable planks fastened to the flume bottom. | 
- Different spacing ratios (s/h) were made by removing alternate ridges between 
_ Saw cuts (see Fig. 13). ’ It is of interest to note that the average value of 
an qv Manning’ sn for the enameled surface was 0.0091, , whereas the value of n for the 
a a 7 a bottom after all roughness ridges had been removed was 0.0104. In the writers’ 
an 7 experiments the Toughness was made by nailing redwood strips to the bottom | 
of the flume transverse to the direction of flow. Strips. 1 in. by 3 in. were 
used d for roughnesses i in the Johnson whereas 3 ¢-in. by q-in. 1. strips, 
_ The method of calculating the hydraulic 1 radius, Manning’ sn, and the 
— equivalent sand roughness in the experiments of Messrs. ‘Smith and W arren, 
and of the writers, have been described elsewhere ;** however, because of 
. differences i in the experimental equipment and the method of analysis of the 
4 data a brief review is of interest. _ _ In the author’s experiments both the bottom 
ee 4 and sides of the flume were covered by roughness battens, and the the results were 
— ~ analyzed with G. H. Keulegan’s s formulas as the basis. In the writers’ experi- 
— Raeate 0 only the channel bottom w: was roughened. The side-wall effect first was 
= “eliminated” by the method suggested by H. A. Einstein,® Assoc. M. Am. Soc. 
and then the hydraulic radius of the bed, Ry, Manning’s n of the bed, 
and the ‘equivalent sand roughness of the were the latter 


. ‘The data i in Table 3 are of value in giving a more complete picture of tn 


: eatin of relative roughness to spacing than that given by the author in 
Losses in an Artificially Channel,” by W. Journal of the the 
% ‘* Artificial Roughness,” by F. Jonassen, Univ. of California"Flu Fluid Mechanics ‘Berkeley, 
“Friction in Artificially Roughened Channels,”’ by A. Smith and C. Warren, thesis sub- 


- mitted to Univ. of California, Berkeley, Calif., in — ee of the requirements for the degree 0 of 
Bachelor of Science, 1943 (unpublished), 


for of teed, ” by H. A. Einstein, Transactions, Am. Soc. C. 


— 
— 
— 
; 
| 


1945 JOHNSON LEROUX. ‘ROUGHNESS 

— 


13!'___ 


1" 


@ 


1! 


S erage 


4 . 


) —- 
va- 
’ 


“Fig. 10. = 14 ila a a plot o of these data and indicates that the author's ) 
data and Bazin’s results probably a1 are not part of the same curve but appear — 
to be branches of two separate curves. ‘The author has called attention to the 


of a single c curve. 14 indicates that height ratio, t/h, 


= 


Le Roux (J-K) 
© Powell III, V11-X) 
+ Jonassen 5) 


one 


a 


imi 


_ may be of importance. 


of 


i= 1.25 


- === 


ere 


1ovs Data 


_ The various curves indicate t that the m maximum relative | 


- roughness occurs in the vicinity of s/h equal to approximately 1 5 instead of 12. 


|The value of the maximum relative roughness appears 
anes regardless o of the value of t/h. as On either side of the point of ‘Maximum 


> value of s/h, the roughness 


values of relative roughness for the data 


to be approximately a 


es: roughness 1 there is considerable variation in the curv es: howev er, fora particular 
appears to be larger with the smaller values of t) h. 
a ie Iti is to be noted that the values of k and ny (Table 3) are averages _ The i 


of the author and H. Bazin plotted 


in Fig. 14 are not the values give en in n Table 2 2. The appropriate values are: 


"Roughness 
Close spacing. . 
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5 
«The: author prev iously has conv ralues of € in Table 2 
ye it is import ant to note that in the author’ 8 experiments the water depth 


was measured from the ater surface | to the ‘flume bed | without in 
_ place; whereas, in the w riters’ experiments, the depth was measured to the top — 
of the battens. dl At small depths of flow relatively large differences in the results — 
from the two experiments ‘may oceur if ‘comparisons attempted. 


‘author has recognized the uncertainty in — the true depth and has" 


suggested that the problem be given further study. 


i 37 Dise ussion by R. W. Powell of **Rectangular Artificial Roughness in Open Channels,” by J. W 
Johnson, Tra: neactions, Am. Geo; phy sic sical U nion, Section: of Hydrology, 
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LAER OF NLIKE 


Discussion 


“HAMILTON Gray,’ Assoc. M. Am. E. discussions may be 
classified into two types. . Those i in type 1 suggest ¢ certain approximate solu- 
_ tions that can be applied with less expenditure of time than the rigorous solu- 

tions and for w hich the degree of approximation may be fairly high, at least 
within: certain limits. Ty 2 involves: the application of the solutions to 


tions to the subject. 


. ‘There i is no reason for applying involved and time-consuming analyses to 

engineering problems unless no simpler “mode of attack will suffice. Exact 
. methods of analysis s may be useful fr from either of two ‘standpoints: (a) As the 
only available rational attack on a problem, or (>) as a check « on the degree sof 

~ approximation in simpler methods of analysis. 

z _- Mr. Barber illustrates that, if preferred, compressions may be expressed 
in terms of strain rather than in terms of void-ratio changes. 7 This is wholly 


a matter of personal taste since some engineers prefer pressure, void- -ratio 
curves whereas others favor curves showing percentages of compression 4s 
functions of the pressure. In either case the results of the e analysis are identical. 


Mr. Barber’ s statement regarding the computation of the resultant 


‘ment. - Computation o on the basis of adieu requires es the use of the formuls: 


which indicates wel extent to w which the bev-ee- of s stress from | fluid to solid 


_ Nors.—This paper by Hamilton Gray, Jun. Am. Soc. C. E., was published in February, 1944, Pre 
Discussion on this paper has appeared in Proceedings, follows: June, 1944, by Edward 
Barber, and Jacob Feld; and September, 1944, by George W. Glick 


% Asst. Prof., Civ. Eng., New York Univ., New York, N. Y. 
Received by the Secretary April 28,1945. 
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tion” ” by virtue of the definition of ‘ “degree of consolidation” ’ given in Eqs. 9 


and 10. Computation o on the basis of compressions utilizes the e cxpoeeiion:: ve 


Eq. 430 indicates what portion of the resultant ultimate compression — oc- 
curred, based on the the assumption that the pressure, void-ratio curves are linear 
in the pertinent pressure range. . This n may be ¢ called the ‘ ‘resultant relative 
compression.” From a Eq. 430 is is required for for estimating 

the actual settlements, Only ut, 0 will Eqs. 43a and 436 iden- 

“tical results. “The distinction between these two formulas should hove 


treated i in the paper. _ For the example i in we paper Eqs. 43 do not a a very 


Resultant Curve for Upper} 
|-+ and Lower Layers Acting | 
| Together, Based on Eq. 43b° 


_—and Lower Layers Acting 


Consolidation of Upper) 
| Layer If Lower Layer 


10 


Values 


‘compres ssibility of layer ver I were to be inaianis isiiain a fairly close approxi- 


Fig. 14 illustrates the situation the of the two 


4 in. 13 seems to yield as 
“rable results, 8 is included to clarify the that are reflected 
by the curves in Figs. 13 and 14. ic Fig. - 15, based o on case D, is analogous to 


ON CONSOLIDATION OF SOILS 95 
— 
— 
THN 
ato 
wel 
(43a) 
solid wie agree en etween 430 an 35 is less close and neither of a 
slids- 


NSOLIDATION. OF Discussions 


‘Table 8 also typical numerical values ee the pertinent physical 
“constants, In this connection, it is of interest to note that the actual time 
~ required to achieve 50% of the ultimate resultant consolidation or settlement 


zreater for case | than for ¢ case D—in case C consolidation of layer Lis 


Curve for Upper 


and Lower Layers Acting Layer If Upper Layer 


Were Non- 


Resultant Curve for Upper ax wal! 


and Lower Layers Acting Bi ad 
Together, Based on __ 43a 


~ 


Values 


retarded by layer II as indicated in Fig. 7, w sin case D layer II drains 


ma"; 9 relatively rapidly and i in addition exerts only 8 a minor influence on layer I. 
If the thinner layer in 1 each case is neglected, : a moderately | close approximation 
the actual behavior of two layers i is obtained. This ‘Seems 


Entire Deposit of | 
—+— Material Identical with __| 


and Lower Layers ’ 


to be due to the great difference in the consolidation characteristics of the two 
layers. __ In cases A and B discussed by Mr. Barber, layers I and II would each 
f consolidate at the same rate if they were not contiguous, since the ratio, t/T, is 


a ‘the same for each. Consequently, i ignoring one or the other of these sed ers 5 will 
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‘As Mr. Glick when o =1 it can be. dium: that, 
«/— so as to yield ( 
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GRAY ON CONSOLIDATION OF SOILS 


met 


layers h(ltypy), consolidation coefficient, 
- and drained, respectively, at one face and at both faces), the transformation, 
Z, applied to dimensions, in layer II makes it possible to. consider the 
two layers as a single homogeneous s stratum. _ When p is equal to unity, there 
_ not appear to be ar any analogous transformation that. may lead to a ‘sim- 
For practical applications, the various approximate solutions or modifica- 
tions 0 outlined by Messrs. Barber and Glick are very valuable, provided one 
knows the extent to which the approximate results differ from those which a are 
theoretically exact. In some cases two « or more approximate approaches are 
- suggested, and it then becomes important to know | which method is best— 
from the standpoint of accuracy as well as s from that of time. + Inm many ¢ cases. 
an inspection of the relative consolidation characteristics of the pertinent strata 
will give some indication of the reliability to be > expected from one or another of 
the suggested methods of approach. 
Mr. Feld has described numerous om, | both natural and man made, ™ 
al which the methods outlined in the paper may be applied. It i is of great help | 
__ to the engineer to be able to analyze actual field conditions in terms of an ideal- 
ofa ized situation, especially if, at the same time, he does not lose sight of the 
"differences between actual conditions and assumed 1 conditions. | Mr. Feld em-— 
 phasizes this fact, which the writer had in mind when he suggested that the 
.% results obtained in the paper should be verified by observations before being 
used with confidence. In many y instances it is s possible to explain discrepancies 
_ between a theoretical approach and the observed | behavior on» the basis of 
differences between actual and assumed conditions. The writer would dis- 


_. agree with one of Mr. Feld’ s statements since he believes that the influence d 


surface evaporation upon the of a soil deposit can be analyzed 


_ The writer wishes to express his thanks to the -discussers for their worth- 


while comments on this paper. 


fa and Eq. 441, 
and N’ is given by 
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CONVERSION (OF KINETIC TO POTENTIAL 7 
_ ENERGY IN EXPANSIONS 


Boris A. _BAKHMETEFF, AND E. R. VAN DRIEST 


Boris | A. Baxumeterr,” M. Am. Soc. C. E. <_Professor Kalinske’s paper 
marks a serious advance in the se science of fluid mechanics. It reveals facts, 
relating to turbulence in “form: resistance” “i patterns, wholly unknown | before 

and which substantially further present- -day knowledge in this obscure | and 


generally uncharted realm. . The most significant result is the disclosing of the cs 
5 quantitative inner relations between the over-all energy loss Z,, occurring in 


th the course of expansion, and the turbulent energy E;, apparent and pecenr saa 


in the turbulent fluctuations. Althou gh the paper deals with flow expansions 
- enly, the facts, as established, , seem to be typical in all probability of other 


“form” or “local” ‘resistances. 


ae The aforesaid terms are meant to designate the concentrated losses: of energy 
known to accompany the a abrupt variations of flow geometry, such as the losses. 


in bends, knees, valves, back of | bluff bodies, etc. Iti is generally : recognized 

- that the generic cause conducive to “form” losses i is “separation,” with the _ 
highly strained and labile “discontinuity sheets” serving as seats” of concen- 
trated turbulence engendering activity. It is accepted further that the ad 
turbulent eddying composite, featured by the energy E,, represents the final 

Fgh of a complex process by the force of which flow energy is withdrawn from 


the store inherent to the streaming, and is subjected to ‘conversion’ ” into 


vortical eddying form it has been surmised, finally, that, i in the course of 


the ¢ cy yelic of the free discontinuity sheet which accompany 
“transition” from the laminar to the turbulent regimen, only a portion of the 
‘ used up flow energy reappears in the ostensible turbulent manifestations, and _ 
= the remainder of such | energy is dissipated i in loco in the process of con- 


— constituting what may be termed a “conversion loss.”** However = 
- Nore.—This paper by A. A. Kalinske was published in December, 1944, Proceedings. Discussion 
on wan paper has appeared in es as follows: February, 1945, by FL F. T. Mavis; and May, 1045, 
Stevens. 
_ %*The Mechanism of Energy Loss in Fluid Friction,” by Bori ; 
Proceedings, Am. Soc. C. E., February, 1945, pp. 143-147. 
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a 
all regarding the 

process were necessarily ‘conjectural, as no factual Pee aided to permit 
reliable quantitative interpretations. . Iti is only now, in the light of Professor 
Kalinske’s findings, that the actual situation has been ascertained reliably. al 


mouth of the conduit. In the denomin: itor in Eq. 7 7 be 


turb 


over- -all Telative loss. E,| /Em, may be expressed by the « 


ere 


—or, for { the 2 15- -in. to 4.7 75-in. ‘expansion, by 0. 0. 89 (1 — n) . The data 1 required. of t 
. 8 the calculations may be taken from Tables 2 and 4, as well as from. Fig. 4. Inf 


One also finds therein the information | for establishing the ratio E, (max)/Ens whe 


of the maximum measured turbulence energy to the initial Z,,.:, and with this in t] 
the final ratio of E; (max)/E, values are assembled in Table 7 
TABLE 7 —V ALUES 0 OF ENERGY sect 
0.210 474 0.105 0.506 0.082 16% 
ou ith all possible allowances for” experimental uncertainties devolving (as the 
the author states) from the colossal observational difficulties, the order of locu 


magnitude is established beyond doubt The turbulent energy E, its: plai: 
maximum is but a small portion of the total loss E,. No wonder the author is wha 


prompted to refer to the t turbulence created as a “kind of by- -product,” at- 7% stag 
tributing the major loss to the intense and variable local shearing stresses, set friet 

up on the outside of the high velocity jet. ‘The description fits ‘the rather “<7 

a robe striking circumstances, provided t the wording is not t misinterpreted. The fact shay 
p ~ ie is, , of course, that the mechanism of « energy loss is an entity, a composite whole, tit 
constituent portion ¢ of which should _ considered separate 3 and alone. patt 
is engendered ultimately for the very reason that separation the 
ae Pe. originates i intensive local stresses, initially of viscous nature. | In the inevitable | trar 
sequence of ‘events, these local stresses lead to vehement deformations, trans: loca 
forming the discontinuity sheets into eddying patterns, with the latter in turn 
a oa breaking up into inordinate turbulent ‘ “swarming.” | In other words, the first Hil Pre 
a and the last phases in this process, characterized respectively by the highly nl 


+) ei ‘Strained viscous sheets and by tk the ostensible turbulent fluctuations, constitute 


‘all 
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— turb 
— 
q 
— men 
= 
— 
— 
13 
—— 
— 


jnse »parable links of an organic this light, the findings of the paper, 

so far as the small numerica al ratios of E,/E, are concerned, could be qui ified 

as having disclosed the surprisingly low effi iency of energy - exchange in 1 the 7 

tei reflecting on these properties, one gains the i impression 1 that | perhaps | the : 

feature. of having: relatively small manifestations reflect the presence of mo- — 

mentous processes, deeply affecting the essence of things, is rather typical of — 
turbulence phenomena i in general. instance, consider the case of so-called 

established turbulence, in uniform “motion in conduits. The measured turbu- 
lent energy in pipes on the average only a few per cent of the 

kinetic energy of the main motion. Nevertheless, the transverse mixing, 

concomitant to_ such turbulence, increases the stress structure, and with that — 

the over-all energy loss, to many hundreds if not thousands of times: the shearing ~ Z 


forees and the losses, which would prevail if the motion at the s same flow rate a 


. were to remain laminar. . Ag ain in this case, the measurable E, is only a — 
.d of the total energy E, withdrawn from the flow and spent on conversion. 34 


In fact, the v w vriter feels that the possible (E,/E,)-r ratios in uniform motion, 
When a actually measured, may prove to be even lower than the values shown 
" In uniform motion the production of turbulence and all other features of the _ 
energy spending process unfold i in equal measure in each of the successive cross 
sections. In other words, all the functions of the. energy-loss mechanism are 
uniformly, distributed along the length of the conduit. In the case of form 
resistances, on the other hand, the consecutive functions, started by. separation, 
unfold in “successive fashion’ over a certain: distance range along the axis. 
Natur ally one is tempted to .o seek, in the factual evidence presented i in the p: paper, 
possible clues which would help to disclose, even if conjecturally, the physical 
nature of the energy- -loss mechanism. Note, in this connection, that i in Fig. 4, 
for the 180° expansion, turbulence its maximum in the y very ‘fret 
measured station at a distance of about 0.55 ft from zero. It is true that, in 
the case of the 30° and particularly, with the 15% expansion (see Table 2), the 
locus of maximum E, is shifted somew hat downstream. ‘This could be 
plained, however, by the fact®® that, in n divergent e cones, the separation i is some- 
what delayed.’ These facts are quite ‘significant. Obviously, in the initial 
stage of | separation, w vhen the live jet first comes into contact with the ‘ ‘roller, ” 
netion i in the ‘discontinuity. sheet is viscous, so that the shearing stresses heel 


by the Newton | Furthermore, as these 


tinuity: sheets: are highly ‘unetable, the rolling up to form eddying 
patterns is begun almost at once. | In other w ords, the over- all distance from — 
the beginning of separation to transition must be ‘rather short. Beyond the 
transition reach, w here the turbulent regimen h has established itself, the high 


local stress may continue by force of convective transverse mixing. The 


Proce The Mechanism of Energy ‘Len in. Fluid Friction,” ' by Boris A. .. Bakhmeteff and WwW illiam Allan, 
wi ‘Versuche iiber die Strémungsvorginge in erweiterten.und verengten Kanilen, by H. Hochschild, 
des Vereines Deutscher her Ingenieure, Heft 114, 1912 
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ON FLOW EXPANSIONS Discussions 
“lis question however i is whether, in this post- -transition | stage, ‘there is 
any further production of turbulence, in the sense of further investment of flow 

x energy into vortical turbulent form; or, perhaps the conversion process, w vith 
_ the inherent concentrated absorption of f flow e energy, is confined to » the short 
pr transition stage. 2. W ithin the latter, of course, flow e energy is 3 spent by way 


g in which denotes vorticity. The abrupt of the energy line in n Fig. 6 

would seem to point in the direction of the latter hyp pothesis. If such is the 

= case, and i if no further turbulence i ce is | engendered | beyond the ) transition r reach, 

then subsequent losses of flow ¢ energy would occur by rea reason of the transverse 

+t turbulence mixing. The dynamics of this particular loss, concomitant to 

“turbulent diffusion,” ” have been discussed elsewhere. Pr. In uniform flow such 

a diffusion loss i is comparatively low. _ The rather gentle slope of the total energy 

Tines i in Fig. 6, beyond the first uns drop, seems to point toward. analogous 

conditions i in the case of flow expansions. 

Another point, to whieh the writer: would like to draw attention, is the 

losses of kinetic 

energy. Actually, in a closed conduit the mean velocities U; and U 2 in the 

i" initial and final sections are prescribed by continuity. i - Accordingly, except for 

an a8 the secondary effect of local velocity. distributions, the corresponding kir kinetic | 

energies of the a average flow are predetermined and cannot be either increased ot | i 

reduced. What is actually lost is pressure, for the eventual gain in in potential 

‘energy, which theoretically ‘should accompany the reduction in velocity, is 

consummated only partly, to. the extent of 7 (Em — One 


account of 1 nes happens b by reso resorting to the basic Euler ae 


featuring the d a filament s. The eventual pressure 

increase developing from the ir inertial force, — p u =, is reduced to ite extent 

the resultant friction, traction F,, forthcoming from the high local stresses. 
“ete, in particular, that the F, resultant j is determined not by the absolute 

value of the local stress but by the transverse gradient of the latter; and, af 

course, “s is typical of separation sheets to evidence highly concentrated stres 

changes. \ _ If and when separation (which is the source of high local shear) cal 

be reduced by that or or other means, the process of restoring pressure is corte 
spondingly remedied. The paper indicates certain means to that effect, cited 

by H. Peters. The writer would like to supplement the reference by drawing 
ahs oa attention to some earlier research by K. . Andres*? and by H. Hochschild. 5 Bott 
of these exceptionally complete and valuable monographs on flow expansis 


i 4 z deal in detail with the physical and dynamical features of the phenomenon. _ 
** The Mechanism Energy Loss in Fluid Friction,” by Boris A. Bakhmeteff and W. illiam Alls 


tics | 


Am. Soc. C. E., February, 1945, p. 153. 
**Conversion of in Cross-Sectional Divergences Under Different Conditions of Inflow,” 
H. Peters, Memorandum No. 737 (Translation), National Advisory for. Aeronau 


ame tiber die Umsetzung von in Druck, ” by 
_arbeiten des ereines I Heft 76, 1909. 
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on § . coming separation and with that the higher the rate of the gained pressure. 
ad Ww 


6 : At the time when the Andres rey report was written (1909), the science of fluid 

he mechanics wa as in its infancy and the aforesaid results might have “appeared 

ch, paradoxical. At present, one sees : at once the analogy with the well- known 

| effect of a turbulent hoendany layer delaying ser separation and thus re reducing the a 
t form resistance of an immersed sphere or of a cylinder. T ‘The best remedy for - 

ach “counteracting , pressure losses, as found by Mr. Andres, was to impose a 1 a rotary 

rgy motion on the expanding jet. ‘Through such means he raised the restoration 

veal rate to more than 90%. A similar effect is s achieved, of course, by r removing» 

_ && the reversed flow film next to the solid boundary, by | artificial suction.** Rs 

the - The Hochschild experiments - are especially valuable in that they offer 

etic “detailed velocity and pressure distribution profiles in the diverging sections. 

the Characteristic is the lack of symmetry in the expanding flow, and the fact 

tio Be that the actual e: expansion n of the jet extends in n many instances far beyond the 

netic § end of the diverging tube. On the whole, the different Hochschild diagrams, 

ed ot featuring the energy distribution in flow expansions, complement most 

nitial over-all flow pictures presented in Figs. 1 and 2 

‘The s sole intention prompting these remarks | is to possibly toward 
ake 
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June, 19 1945 


In the 


bonny is affected by the degree of turbulence i in the oncoming streaming 


Forschum" 


AN ‘DRIEST ON’ FLOW EX EXPANSIONS 


Andres experiments reveal the extent to which pressure 


Restoration is at its lowest when the initial flow is smooth and the iahaent _ 
turbulence intensity small. The higher the disturbances, imposed by arti- 
‘Sede temas the turbulence, the smaller will be the effects of the forth- 


clarifying different topics, presented in pioneer fashion in Professor 
Kalinske’s excellent paper. Indeed, the engineering profession is deeply 
indebted to the author for a contribution which raises so many new and 


fascinating questions to be attacked by future research. - 1 a 
R.V AN Drrest,” Assoc. M. Am. Soc. C. E. —The « chief advantage of 
this paper is that it gives’ - quantitative description of the distribution of 
turbulence in, as well as the variation of pressure along, a fluid as it it moves: 


through an a: expending: conduit. Such information is of great co concern to the - 


gy turbulence . energy are very interesting and prompt one to calculate 
“the rise in temperature if no turbulence energy appeared . For the high flow 7 
through the sudden expansion, a simple calculation leads to a temperature 
change of about 0.0004 F. The measurement of such a small change would E 
Tequire a ‘a most sensitive Thea g Although the author states that tem- 
perature changes are to be neglected during the expansion process, these 3 
changes do occur for a real fluid in 1 spite of the incompressibility. ee 
That turbulence is a by-product of ‘shearing action is a fact that | all fluid 


technicians should know. It is only through shear that instability of flow and 


_,, * For reference to Ackeret’s work on diffusers and other experiments on boundary layer control, see i. 
‘Applied Hydro- and Aeromechanics,” based on lectures | by L L. Prandtl, by O. O. G. Tietjens, McGraw- Hill 


Book Co., Ine., New York, N. Y., 1934, p. 81. 
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VAN DRIEST ON FLOW EXPANSIONS 


elocity distribution by dition is w well complied in the dis- 
_ tribution through the transition region in in flow along a fle atplate. ts 
__ Although, as the author states, it was snot the purpose of the paper to present 
further pressure-loss data, nev erthelow; , owing to its practical importance, it 
_may be of interest to compare the efficiencies of the energy conversion as com- 
puted from the author’s data with efficiencies determined by other experiment- 
ers. The conventional efficiency formula 


7 which: differs | from E . 7 in that the velocity distribution is assumed uniform 


7 across the initial and final ‘sections. | For r sudden expansions, Eq. ‘lla becomes 
(upon tion of the Borda los loss formula) : 


From: the very comprehensive paper by G. N. Patterson,‘ the w writer has re- 


plotted, in Fig. 7, data obtained by H. Peters and A. H. Gibson. Calculated 


rr 


: 


4 


Symbol Authority” 4 Symbol ‘Authority Q (Cu Ft per Sec), 


Gibson 9.00, Kalinke 299 0.147 
Gibsons 9.00 Kalinske 2.99 0.082 


—- 


| 


0 


efficiencies are plotted in Fig. 7, using Eq. lla an the author’s data in il 


, and Fig. 5. It is seen that the author’s efficiency data are somewhat highe 

co general hen would be expected from Eq. ‘11b (with Ww hich the Peters an 

- Gibson results: agree well) and somewhat low er than the test data of Messrs 
Peters and Gibson at small angles of divergence. = | 

a _——— Diffuser Design,’’ by G. N. Patterson, Aircraft Engineering, September, 1938, p. 267. 
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‘if the density p and the viscosity of the fluid are assumed to be effective. In 
Eq. 12, Di is the diameter of the small pipe and @ is the total angle of divergence. 
- Howev er, Mr. Gibson" stated that he found no systematic variation of his — 
Ww vith the which v was always ang 50, 000 


than 50, 000 for the two highest. discharg ges. 


used i in these and to have helped ii in n the collection 
some of the turbulence data, 
or rections for December, 1944, pages 1552, 


“Mean Velocity in (Feet per Second)®. j pages 1557 


and 1558 (Figs. 3 and 4), change the inner ordinate caption by deleting “ 


| 


Foot- Pounds p er’ Second’ ’ after values of - | On page 156 ees in conclusion 4, 


omit ‘ “rate > of.” 
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by A. H. Gibson, Proceedings, Roy. Soc. of London, Series A, Vol. 83, 1910, p. 366 
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STABILITY AND STIFFNESS OF CELLULAR» 
COPFERDAMS 


By ROBERT F. LEGGET, P, KRYNIN 


POLIVKA, 

F. 13M. Am. Soc. E. The use of steel sheet piling has 
‘ome so rapidly in the past tw enty years, for both temporary and perma- 
nent civil e engineering works, that the written records of the profession ‘still 
“contain all too few discussions of the many complex factors that must be con- = 
sidered in the design of. structures « consisting of this versatile rolled sted 
Professor Terzaghi’s paper, therefore, has. double value: (a) It 
assembles much useful information on actual experience with cellular coffer- 
dams in connection with a very thorough design study; and (6) it inevitably | 
Ss mentions some of f the general characteristics affecting the use of steel sheet 
piling for other types of structures. Although discussion of these wider im- 
‘ "plications of the paper i is not i in order at this time, it is to be hoped t that < critical 
bd study of the ; paper will direct increased attention to ) these other points and thus 

lead, even if indirectly, to improvement of the art. pa 

74 Professor Terzaghi i is unusually forthright in condemning the application 
é the results of laboratory soil tests to the design of cellular steel pile struc: 
tures, and he emphasizes the corresponding importance of hr ce on 
actual structures. The soundness of this empirical approach, especially in 
view of the many variable factors, will not be questioned at this stage in the 
development « of steel piling design. — However, “some simple laboratory soil _ 
testing may provide useful and practical design | information- —such as how to 
"determine the type of fill material and the degree of its conformity with the 
assumptions as to its properties made by Professor - Terzaghi, as well as how to 
_ determine the friction between fill ll material and the surface of t the steel piling. x 


vr 


the statement (see heading, “Part Practical Deflection n of 
‘Nore. —This paper by Karl Terzaghi ws was published i in September, 1944, Proceedings. Discussion 
a: ei paper has appeared in Proceedings, as follows: December, 1944, by G. G. Greulich, and Ray mond P 

ae ge er; February, 1945, by Dean P. Tsagaris; March, 1945, by R. 7. Colburn, A. F. Hedman, and Adolph 
ag J. Ackerman; April, 1945, by Savile Packshaw, and Martin W. Lautz; and May, 1945, by J. S. Miller. — 


; : 18 Associate Prof., Civ. Eng., Dept. of Civ. Eng., Univ. of Toronto, ies Ont., Canada. 
a. 3a Received by the Secreta the Secretary Mz May : 2, » 1945. aie aa 
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a 
Cellular Cofferdams! ) ‘that elastic properties [of a cellular coffer- 


a comparison to demonstrate the differences between the two combinations of 
‘materials. Some elaboration of the statement would be welcome. = 
Another frictional ce, that developed in the interlocks of the steel sheet 
‘lin, is clearly one of the most important factors involved in the stability 
of cellular structures. — It cannot be calculated on the basis of : any theory i in 
view of the many practical variables— —the type of lock, the limits of clearance 
; betwe een the j jaws of locks in contact, the nature of the pers (if any) plugging 
the locks, and the relative position of * ‘mating”’ locks (as determined by the 
way they are held by either the soil or the rock into which they have been 
In view of the emphasis given in the | paper to lock friction | (see con- 


determined values of lock frietion have been developed for : any y ty pe of steel 
pile or, alternatively, whether the believes that values” could be 


obtained. 


= Lock friction is even more impor rast ron this paper ee ae for, in 
the case of straight walls of deep-arch, steel sheet piling which retain lateral 7 
loading, the degree to which lock friction is developed determines whether the 


piles must b be considered acting as individual units or, alter natively, whether — 
‘the w wall can be regarded as made of “interlocked units’”—the lock friction ex ex- 
ceeding th the shear stress dev eloped longitudinally in the lock. In some coun- 


- tries s other nn the United States, deep-arch piles have been developed which | 
do giv e an “interlocked section modulus.” In consequence, double-wall 


- cofferdams “the been used generally there instead of the cellular type of struc- 


ture, y which appears to be confined almost exclusively to American practice. 7s 
“Althou n- 
parison of the two ene of would be of interest. 


Inv view of this wider significance of of lock friction, the author’s 
af the practice of lubricating the come! of steel sheet piling will be most 


driving foremen. his "reasoned arguments “will provide 
t little useful “arimunition” for such on-the- -job discussions; but they should g go 
far toward clarifying not only this point but also many others in the minds of 
all all those responsible for the design of structures of steel sheet piling. a” 


D. P. 4M. Am. Soc. ©. E.“°—Few formulas are as accurate 
‘the Reskise formula as applied to cohesionless masses, ‘such as cohesionless 
sand d or gravel. ie If there are claims that: actual pressures in a —— 
| Mass are not in accordance with the Rankine formula, such claims possibly 
f may be based on the fact that the formula in question has been used incorrectly. 


ch particular, the of given by. Eq 20 i is Tatio een the minor 


= 


4 Research Associate in Soil Mechanics, , Yale Univ., New Haven, Conn. 
Received by the Secretary May 7, 1945. To & 
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7 4 @enties' is not a pr wiimabinal one because, by definition, there are no shears Pre 
_ principal axes. Hence, to compute the horizontal pressure on the plane of 
_ expected failure such as section gh in Fig. 7(0), Eq. 20 cannot be applied. ae 
a 4 tw een . the horizontal and vertical pre pressures at a point on plane gh (Fig. 7(0)) 
' at a depth Z = - e top of the fill, just: immediately ‘prior to failure by shear. 

ast Simply draw a horizontal line and a a circle 
arbitrary radius with its center O on 
horizontal line (Fig. 25). Draw a 
Tine tangent to a circle that will describe 

: an angle ¢ intersecting the horizontal at 
G point E, as shown in Fig. 25. urther- 
 -more, draw both the diameter through 


AB is s proportional ~ the normal pressure e on the plane of failure (section 
eh in the given case, I Fig. 7(6)), and distance C CD is proportional to the 
"pressure < on the plane perpendicular to that plane of failure—that is, in the 
- given case, the horizontal plane. ‘ Hence, the ratio of both distances AB and 
CD multiplied by y ¥ Z (which i is the vertical pressure at the given point), is 


that it the value of C for the plane of expected | failure gh is Ps & - _ 


a Recomputation of ‘the Selected Example. —The factor of safety with “respect 
_ to shear in the example immediately following Eq. 20 is G, = 0.87. In the 
_ & numerical 1 formula for this factor of safety the value of (0.57)? 1 must be te 
placed by 0. 6, as explained in the preceding paragraph, which furnishes 
corrected value of the factor of ‘safety G. = i. 59. Neglecting friction in 


rw would be G, = = 
Perfect Safety of ‘Plane gh (Fig. ‘with to Sh Shear. wil te 


assumed that Eq. 196 for the factor of safety G,, with respect to ‘shear, is 


correct except for the value of C which should be computed by Eq. 41. Con- 
sider a fill material w weighing Y= » —_— per cu ‘ft with t the angle ¢ of ‘rietion ty 


_ The Ww ell- known Mohr’ "s circle can be e applied for finding | the ratio C be | 


the horizontal pressure on plane gh at the given point. iu Simple algebra shows . 
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i value of C given by Eq. 20 is not the ratio between the horizontal and the F 

vertical pressure at the point in question, 
Internal Shear in the Fill of a Cofferdam on Rock.—If the shear failure is 

= 

he 
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win from 30° to 40° Let ye Ye 


2 7 X 0.6 x 403) 185%... 


Since Eq. 42 0b i is less favorable than Eq 42a, compute the values of the safety — 


Safety a 1 iJ 


Hence, under er the given assumptions, plane gh is. always s safe with respect to 
shear. It is no miracle and no paradox, therefore, that many cofferdams wide 
enough, but with factors of safety of 0.6 or 0.7 incorrectly calculated, ‘and 
safely. ~ Their true factor of safety with respect to shear certainly is greater 
occur in a cellular 7 mean simply that under the ¢ given assump- 
tions shear cannot occur along plane gh (Fig. 7(6)). 

Phenomenon of Internal Shear in a Cofferdam on Rock— —In 1935, R. 
Pennoyer, Assoc. M. Am. Soc. C. E. . (10c),"° called the attention of the pro- 


fession to the Possibility 0 of internal shear along g the vertical spe gh (Fig. — - 


a a still different we. ~ When the cofferdam begins to tip, it comes from the. 
initial position ABCD into some other position AB’C’D (Fig. 26(a)). As the 


= Major Principal WE 
Resultant Resultant | Resultant | 
Hydrostatic ‘Hydrostatic 
4 Pressure Pressure Pressure _ 
- 


8 


Fie. 26.— INTERNAL SHEAR IN A CELLULAR COFFERDAM 


tipping of the cofferdam progresses, , the > density within the compressed zone 
ia ame the | size of this zone) increases until a — critical density has 


point 0 of a mass (Fig. 26(b)) ane two directions of maximum 


om Numerals in parentheses, thus: (10c), refer to corresponding items in the Bibliography (see Ap- 
pendix I of the paper), and at tl t the of ‘discussion i in | this i issue. 


969 

| 
he 
| = 62.5 lb per cu ft and f = 0.3. Then for 
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near—not one, Each of 45° — - w with the direction of 
the major principal stress es It follows that, if ‘point O Fig. 26(b)) is located &g ina 

- in 1 plane gh, there is, at that point, another possibility of shear along p plane ae 
AOM making an angle ¢ with the horizon. The hydrostatic pressure pushes fF « | 
‘the mass up along a plane AM making an angle ¢ at point O (Fig. 26(b)) with . > 
the horizon, to meet the inside wall of the cofferdam, MC. The actual failure a 
probably occurs as shown i in Fig. 26(c). An observer ' standing at the top of the tior 
= cofferdam possibly would report that, in the case of shear failure, all sand a 
grains and all rocks and pebbles of the mass were moving. — In reality there is aa 
probably a zone of quiet marked IIT i in Fig. 26(a) and 26(c). A simple i inspec. 
> tion of Fig. 26(c) shows that, to offer due resistance, the failure line must be 3 “a8 
sufficiently long. — In other words, a guarantee against possible shear failure P oe 
Overturning | of the Cofferdam on Rock nless a shear failure in 1 the fill 
occurs, the cofferdam is exceedingly stable with respect to overturning. [i ae 
there is is no water outside the aeaeangey the fill material is pressed : against the -_ 
outside wall by the active pressure } Ly C H?, the value of C being: ‘smaller - 
than that at the plane gh (Fig. 7(6)) . To be conservative, it will be assumel eee 
‘that C may be computed t using Eq. 20. If there is water outside the cofferdam, De 
pressure | of the fill material, in addition to active ‘pressure, is applied and 
against the outside wall by the full hydrostatic pressure due to flexibility of  extr 
the. sheet piles. Tos start overturning, friction between the fill material and judg 
the outside wall must be overcome. The situation is very similar to that of: . stan 
‘man who wants to lean to the right but cannot do so because his left leg is deep beer 
in a \ sticky swamp; the first thing for him to do is to pull his leg out of that in c 
swamp. . In the case of the ¢ cofferdam, the friction i is tantamount to a vertical em 
force acting dow nw ard at the outside wall. Neglecting the weight of the ~perr 
ect to OV erturning Ww vould be: 
8 YoH ais 
in w hich the term tan 6 denotes the coefficient, of friction between fill ant on 
-sheet-pile enclosure. Assuming, furthermore, that the width bis some fra action cof 
the height =a H, and the of tan = = 0. 4, 43a ms} 
For current values of a, a, C, and yw, t this safety is always greater ths! 
1. 4. It should be recalled that Eqs. 43 were developed neglecting the weight ott 


of ‘the fill inside the cofferdam « completely, SO that at le least a a value of 1 1. 4 shoul 


the paper. In the example selected to i illustrate this ashe a t 
2 + 1 os 3.4 should be computed, ¥ which is very close to 3.8 as determine 


by the usual gravity wall method. heed 3 
tee "A 9 
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‘Sliding « of the Cofferdam o on Rock —Fig. 7(a) is rather academic interest 
and perhaps should have been omitted. Iti is questionable whether the boun- 
“dary corrections | should be introduced i in t this diagram s since discontinuity of 
stresses (but not of strains) i is acceptable. - Corrected as it is, the area shown 
‘in Fig. 7(a) is less than the value of F as given by Eq. 1. This fact implies" 
: “the e necessity 0 of correcting the ordinates at the middle of the diagram and thus 
as the given value of the angle of friction. - Finally, boundary correc- 
tions, if any, should be extended through | the diagram to meet somewhere at 
the middle of the curve and not be connected to the curve at some arbitrary — 
points. What is important, howe ever, is not the diagram but that “There” 

“ seems to be no record of a failure by sliding”’ as Professor - Terzaghi states (see 


‘ 7 heading, ‘ ‘Part _— Design o of Cellular Cofferdams: General Considerations”), 


and this settles the question of sliding. 

Conclusion —The designer of a cellular cofferdam on rock must e1 ensure 

I close cooperation between the sheet- -pile enclosure and the inside fill, making . 

_ them work together and preventing their possible separation by internal shear. _ 

“ “Attention ‘should be paid to: (a) A good packing of the gravel and sand fill — 

inside ‘the ‘cofferdam in order to increase the horizontal pressure and (b) a 
nie good interlock arrangement. . The size of § sheet pile should be selected properly 

ed fan and the cofferdam should be given ample width, the latter item being of : 

extreme importance. To design and analyze such structures good engineering 

nd "judgment and vast experience in in the given field combined w ith clear under-— 

‘of statics are needed. A great number of cellular cofferdams have 

been constructed successfully in the United § States—incomparably more than 

hat ino other countries. It is obvious therefore that American engineers” have 

cal _ demonstrated fully their ability to design and to build these structures, both | 

the "permanent and temporary, 

J. J. Pouivs KA, 15 M. Am. Soc. E. t the field of cellular cofferdams 

30 - this excellent pa paper is a valuable contribution to ¢ engineering know ledge. : In 

4 oye 1944, the w riter | had the opportunity to make some preliminary studies — ; 

unt on cellular cofferdams in ‘the Kaiser Shipyards at Richmond, Calif. These on 
Hon cofferdams had been | constructed in February-March, 1945, for the U. S. 
nay Maritime preliminary to deepening the existing concrete-lined 

, basins. - In In many respects tl the basins resembled graving docks , 100 ft by 590 it 

3h in plan, and originally were built behind the protection of @ cofferdam 7 

walls w ere built, consisting of of a series: of cellular cof cofferdams, 

ih “each 40 ft in diameter and 51 ft i in average depth, connected by short ares arcs of f ; 
wu % ft radius (Figs. 27 and 28). e Since the cofferdams rest on a rock foundation, P 

42 ail approximately - 10 ft t deep | was placed before re driving she sheet t piles (Fig. 29). 


Lecturer, Univ. of California, Cons. Engr., Kaiser Co., Berkeley, Calif. 
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(a) Relation Between the Overturning Moment and the Weight of t the Fill for 


‘Different Ratios H/r—The results of the investigations under item (a) | are in 7 


good, agreement \ with the ee s shear theory of the cofferdam presented in 


luty 
ott 


Wells for Checking Before Driving 
Height of Water in Cell 


this paper. ig. 30 shows some of the test installations. The standard 


formula for the queens an 8 a solid retaining w wall, assuming that the full weight _ 

of the fill i is acting, cannot be applied to a cofferdam consisting of a steel shell © 
F- less cohesive, plastic fill, v with a variable degree of cy 

water saturation. This fact can be demonstrated by simple and inexpensive 

tests on small specimens made of thin sheet metal, thus ‘simulating the coffer- 

dam by a continuous smooth shell without irregularities offi interlock. The 

minimum interlock strength of the sheet piles in the prototype i is from 8,000 Ib 

per lin i in. to 12,000 lb per lin in. which, in the case of a 3-in. web, is equal t to 

from 21 1333 lb per sq in. to 32, 000 Ib per sq in. In practical cases the stress _ 

ordinarily, does not reach 50% % of the latter values so that the effect of the 7 
interlock can be neglected. In the writer’s investigations, the specimens 


simuls ating th the ‘cofferdams \ were made of plain: sheet ‘metal, 0.004 in. thick (see. 


TABLE 2 RELATION» Brtw EEN THE _Overrurninc Moment AND TH 


WEIGHT oF THE FoR DIFFERENT 


26 


> 


Computed by Eqs. 5 and 6. > Special shape; see text. 


mw ‘ith height (H) wand to 6 in. and with radii varying from 1.5 in. to 3.5 in. . as 
most of the Tatio values of occurring in were ‘Tepresented. The 


| 
— 
— 
— 
— 
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q 
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he a extent. A very fine sand was used as fill, for which, approximately, o = 25° ae 


> 


POLIVKA ON CELLULAR | COFFERDAMS Discussions 


_~ Table 2 shows the values of the weight and overturning moment of ‘indi- 
vidual specimens as determined by measurements. It also shows the over- 
turning moments computed from the totaf average shearing resistance exerted — 


the fill on the shell. 


‘The shear resistance against overturning can be computed from the fric- 


tional resistance obtained by “Measuring the vertical force, V » necessary to 
~ overcome the friction between the fill and the inner surface of the cylindrical 
The shear or sliding fo force acting upon the i inner surface of ‘the cylindrical 
shell can also be computed « on the basis of a theory of arching as as presented 
“4 by the author 1943 (17a). Applying this theory (which v was 
4 developed for the yielding of a rectangular base) to a segment of a circle, 
representing the base of a circular cofferdam, the vertical stress o, on a hori- 


_ zontal section | at the depth z below the surface of t of the fi fillis 


in which iy 


and, in addition to the notation of ‘te paper: K i is a coefficient = on/ oe hel) 


qis the additional unit load upon 1 the fill; e is the base of Napierian logarithms; . 
and c is cohesion in Coulomb’s equation. The hiaaesmarnal pressure exerted 
by the fill upon the unit length « of the cofferdam is 


id the force, v, which it i is necessary to apply in a vertical direction to ¢ overcome 
the friction between the fill and ‘the | inner surface of the circular cofferdam, 


inw hich hich 6 is the angle of the wall friction. 1 \e total f force vt is then in 


It has been found that the vertical force V computed from Eqs. 44, ‘46, a and 


47 agrees with the results ¢ of tests. For as the ‘cohesion, 


a segment: 


— 
= 
| 

| 
| 

—_ 
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| 
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‘in which bo = r- - 5» the dimension b’ being ¢ the en of b for z = 


ve 
This method of determining the value of V will be demonstrated for a 


in which the ratio is equal to 1.72 (Table 2). Assuming further 


— 


Fia. Devices ror Stupying CELLULAR COFFERDAMS 


= the fill material is = 0), the internal 
= 26.5° (tan o = 0. 5), the wall friction (friction between the -— —_ 


phe piles of the cofferdam) tan 6 = 0. 4, the unit w , weight of the fill _* 

per cu in., and no additional load upon the fill (q = 0), the following 

obtained : re : 0.57876 ; b’ = 0. — and bo = 0.34929 — 0. — 


‘The 


0. 05991 = 1.976. The exponential | values can 
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‘The total horizontal pr pressure of the fill on the linear unit of the circumference 
of the cofferdam, | by Eq. 49, is i = 3. 5 xX 0.052 X 1. 976 = 0.3596 lb; the 
elemental vertical force (Eq. 47) is v » = 0.3596 x 0.4 = 0.1438 Ib; and the 


total vertical force is V = 2 X 3.1416 X 3.5 X 0.1438 = = 3.16 lb. The mea- 

‘PABLE 3.—Compurartions FOR ARCHING EFFECT IN THE 


— — 

0.50 0.60653 7.371 

150 0.75 0.47237 10.053 

0.36788 12.143 

30 | 150 0.22313 15.039 


sured value was 3.2 lb, so that the agreement with the test is good. The — 
values of of V other specimens were computed similarly (see Table 2). 
The small differences between the computed and values m may 


Inaccuracy i in the measuring devices; 

(2) A slightly higher value of the coefficient of fill 
_ and the wall (tan 6 = 0.41 0. 43) as introduced in the analysis (0.4); ee 
io (3). Variable value of the coefficient K, assumed in the — to be « eq ual 
1, but increasing to K = 1.5 for higher elevations (38). 


_ If an external couple created by external htiiaietie a ok tends to 
overturn the circular cell, » this external couple will be resisted by the skin 
friction (friction between the fill an nd the shell). . At the critical instant the 
internal of the force V in the formula 


will balance: the external couple ; that is, M. = Thus the overturning | 
‘moment of a cellular cofferdam can be determined readily if the values V and 
are known. . The value is. given by Eqs. 47, 48, and and the lever 
a arm do of the internal forces Vv can be determined "under the a assumption that 
the intensity of the friction between fill and shell Il follows a a straight line, as_ 


shown in Fig. 31. In that case; 
~ 


0 


4 


- 
— | 
— 
— 
a 
— | | A Ca. 50) 
— 022100 | «(057% | 
| 0.30347 | 2129 | 
0.82623 | 18.474 ae? 
— 
— i 
— 
a 
= 
| 
See @ _ only shghtly from the measured values see Table 2). Table 2 contains ie 3 + 
@ specimen with folded shg was included in the tests in wa 
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upon | moment. case occurs when sheet piles with 
ebs are > used. The base of specimen No. 6, Table 2, w as 7. sq in., 
and its circumference we was 10.5 in.—12. greater than of No. 


e~Resultant V 


“Fre, 32.—Fotpep SHELL Type OF 
the values of overturning 


|2 | rented from the tests w ith those obtained by applying Eq. 17 to a continuous ~ 


shell. a a continuous shell simulates a sheet- pile wall without any slippage. 
in the interlock joints. The use of Eq. 17 for this ; special case may be ques- — 

tioned, because it is necessary ‘to in Eq. 173 in n order to express 


In accordance with Ea. 21, the coefficient of earth pressure, C, is greater than © 
(45°. — 9/2). Substituting the v: values of the tested specimens: y = 0.052 
Ib per eu in., @ = 26. 5°, H= = 6 in, Syed assuming C > 0.383 = 0. 4, the = = 
average resistance becomes 0.052 0. 4 x 6 x 1.5 = 0.562 

lb per inch of width of the neutral plane. to the author, the critical 
overturning moment of the shearing 


= 


po 


‘Table 4 shows the values of overturning moment computed 


a) 


‘ compared — with test results and values obtained from Eqs. 51 and 52. J 
etter agreement betw een | the manoured 1 overturning moments and their v alues 


a 

» 
— 

| 
«that = (which is the distance of centroids of two semicircles), the = 
— 


calculated from iq. (Col. 3, Table 4) w ould be obtained’ by a 
of earth pressure, decreasing with an incre: using ratio H/r, 


The ‘Effect of A Arch- h-Web Sheet Piles Upon the Safety of a Cellular Coffer- 
7 _ “ dam.—It should be emphasized that : all investigations by the author regarding 


the: shearing resistance on vertical sections through the fill in the cells and the — 


lock friction are valid 1 only for cel- 
‘ABLE 4.—Comparison | or cofferdams with straight- web 
Ov ERTURNING Moments sheet piles. ‘If arch- web ‘sheet piles 
are used, the total tension in a 
expressed by Eq. 14a, will produce 


Specimen | OBTAINED FROM: considerable deformation i in the cof- 


= ferdam shell. In the lower parts of 
ue the cofferdam the deformation may 

= 75 | 040 be beyond the elastic limit, resulting 
7 12.6 2.9 | 0.39 in an increase of 10 in. or more in 


9 0.37 
7 0.35 the « diameter o of the cell. The bulge 


‘such a case is quite noticeable. 
~ beyond the elastic limit can be classified as failure, although several cofferdams ; 

of this type did not collapse, a1 and served the purposes for which they were | - 
built. ' The total resistance against ‘slippage in the lock will increase with — 
bulging | of the shell, since the total resistance against slippage increases w ith 7 
it In the case of the cofferdam i in the Kaiser Shipyards, the maximum tension | | 


in ‘the locks, computed by Eq. 18, is tmax x= ry CH = 20 X 110 X 0.5 X 41 


23 
| 
ve 


45,100 Ib, or in sheet piles with j-in. wet cb: _ 10,020 tb per sq in. 
, or 1n shee pues es with g-in. 0375 X12 per in. 


If arch- web sheet piles were used (for example, M112), the eccentricity of the 


interlock will produce bending of the sheet ‘piles in a horizontal direction. 
The additional stress computed from the standard formula is 


= 185,531 lb per sq in. } that the eccentricity (1 33 in. 


0.2 
_— 75 in.; see e in Fig. 33) will gradually jeune: as the arch-web sheet piles 


stretch. - In any case, the combined stress in the sheet piles will reach the 


4 


yield point cause permanent deformation as described previously. 
‘The answer ' to the questions as to the approximateness of Eq. 13, and the 
nature of the two- dimensional stress conditions, can be attempted theoretically, 

: considering the cellular cofferdam as a thin shell restrained at the bottom n along 
its circumference. _ The results of any - theoretical investigation of a problem, 
in which so many - uncertain and indeterminate values are involved, must be 


approached 1 Ww vith extreme caution. The analytical solution indicates deforma- 


tion and stress similar to observations on actual cofferdams. 

The horizontal force P, Qo (see Fig. 8) which is applied at the lower 

bas of the sheet piles i in order to maintain equilibrium, and the restraining 
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~The peeing values can be for -web sections (see Table 5). 


and 
| 
008 
in which he is a “theoretical thickness 
Eqs. 56, furthermore, v is Poisson’s ratio for steel = 0.25;andBiscomputed 
« 
| 
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4 Inland poring (see Fig. 33) a ‘modification « of the formulas is nevessary, 
_ expressing greater elastic displacements in circumferential direction due to 


be bending o of ‘sheet piles. _ This effect can be : attained theor —— by it introducing 


TABLE 5.— CHARACTERISTICS « 


| section area | modulus | “Weight 

0.0563 
0.0598 

| 


 @Perlinearfoot of walle 


4 an imaginary modulus of elasticity, Fi, for calculating elastic elongations i in a 


circumferential direction, which is considerably smaller than the modulus of 
elasticity, expressing the stress-strain ratio in vertical direction of the 


ratio (cau equal t approximately for section can be 
calculated under the assumption that the elastic displacement (expansion) of 
an arch- web sheet pile considered as an elastic bent is equal to the elongation _ 
¥ of an imaginary straight-w eb sheet pile having a a modulus of elasticity, Ey. "i 
computations: confirm the fact that arch-web sheet piles must be 
avoided for cofferdams having : a lateral (horizontal) tension (from tw o-dimen- 
tional stress condition). For cellular cofferdams only s straight-w -web sheet piles 
In all literature pertaining to cellular cofferdams w which the writer 
rs a had access, there was no Statement | to the effect that, for cellular cofferdams a t] 
4 7. where a circumferential tension ¢ can occur, it is inadvisable and even dangerous a 
to use arch-web sheet piles. _ Examination of the literature has shown that in 
very cases the use of the arch- web sheet. piles: resulted in bulging ot 
Karn TERZAGHI! 16 M. Am. Soc. C. E.1—The of this 
_ been eminently constructive; any one w ho faces the problem of designing a | ; C 
“cellular: cofferdam will find in the discussions an inexhaustible source of infor d 
mation and guidance. herefore, the profession as a whole is indebted to the | 
| for generosity with which they contributed from the store of 
of the principal theses of the ‘paper is that the customary 
computations of cellular cofferdams based on the gravity concept need to be C 
Cons. and School of Eng., Harvard Univ., Cambridge, Mass. 
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the body of the cofferdam. This conclusion was forced ‘upon the writer by 
the results of observations made on a large | cofferdam during 1941 and 1942. 
_ According to the gravity concept, the dam should have been stable ; yet the 
observations left no doubt that the dam would be unable to stand the un- 
y bala anced horizontal pressures unless the shearing resistance of the earth in the | 
cells was increased | by artificial methods. These methods were adopted and 
their effect actually demonstrated t the efficacy of the procedure. ee 
- Some of the discussions revealed the fact that the engineers on the | staff 
; of the Tennessee Valley Authority | (TVA) arrived at similar conclusions at an 
- _ earlier date. The TVA engineers checked all their designs for what they 
called “Snternal shear,” and for this purpose they used a method similar 
j the one proposed by the w riter. _ This i is more than a mere coincidence. i. 
indicates that the time was tripe for this n new bene: cansee and the writer 


“supplemented b by an inquiry into the stress. in ‘the: fil constituting 


_ 


oft the belongs to the TVA e engineers. 


sliding in he: interlocks of the CTOSS-V 


as such, of the in the fo of the the 
effect of stay rods, because it counteracts the distortion of the cross- -walls, 
~ How ever, i it seems doubtful that the inward deflection of the ‘cofferdam i is 
associated with an ‘increase of the lock friction. such an increase 
a Commenting o on the depth to ) which the sheet piles for cofferdams or on deep © 
_— strata should be driven, Mr. Greulich contends that H /2 would be nie 
His argument is that the sand i in the cells can grip: only one side of the sheet, 
piles + Ww aloes when driven into the sand the piling i is gripped on both sides. 
_ This argument can be 2 accepted for the outer row, but it does not apply tot the 
inner row. On the inner side of the inner row the water percolates. through 
s sand in a vertical upward direction (see Fig. This process reduces 
skin friction very considerably. An extreme possibility for this reduction 


demonstrated by the following incident. An excavation was made by 


- dredging i in dense sand between sheet piles for for a small dry dock in the vi = 
of Hamburg, ¢ Germany. Prior to pumping, ng, 1, 500 wood piles were driven 

~ betw een 12 ft and 15 ft into the sand. No deeper penetration by driving a 
could be obtained without breaking the piles. The pile cutoff was a short: 

- distance above grade. t When the water level was lowered within the. sheet-pile 

enclosure by ab about 8 ft, the piles began to Tise one by one; yet the seepage 


"pressure was not important enough to cause the sand to boil. - Its merely 
«i reduced the total skin friction of the pile to less than the hydrostatic uplift. co 
- The total seepage pressure which acts on the sand adjoining the inner side 
: of the inner row of sheet piles depends on details of stratification which are 
unknown, Hence, in) some instances, a of H/2 may be more than 
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Discussions 
amplification of 
Conclusion. 
2 refers to the the soil pressure over the of cellular r coffer-— 
dams. with conventional dimensions. _ According: to the results of the analy sis 
given in the paper, the application of an unbalanced h¢ horizontal force o on such | 
a cofferdam has very little, if any, effect on the distribution of the ‘pr essure on on. 
the base. In other: words, pressure distribution Temains practically. 
‘The: entire overturning moment : is transferred through skin friction 
on to that part o of the sheet. piles which is located below the base of the efferdam, 
In conclusion 5 5 the w riter implied that the ratio between the horizontal anc and the 
vertical pressure in the fill in n the cells is greater than the Rankine value. 
Hence, the Rankine value not on the conservative side as by 


; In ‘several paragraphs of his ‘discussion Colonel | Pennoyer expresses the 


based on gravity. concept proposing a ‘standard ratio betw een = 


— 


a by assuming a cell width of ( 0. ).85 H a factor 
0.4 to develop the bursting pressures. | 


This, and many other similar passages in Colonel Pennoyer’s s discussion, 
indents that the paper was n not explicit enough to eliminate the possibility of i 
misundersta: dings in t the minds of i at le least ‘some readers, ' To clarify th the i ‘issue, 
the following synopsis of the basic reasoning is submitted. es uewer 

as: The stability and stiffness of cellular cofferdams depend on ona a great number 


factors including the foundation conditions and the resistance 


betw een horizontal and vertical pressure in the he occupies 
-cells—cannot be computed. This fact has been known ever since the first 
measurement of the side ‘pressure in grain was made. Therefore, the 
designer depends to a certain extent on data derived from experience. y - 
= During the twenty ye years ‘since 1925 a great number of eiihdes elie 


have been | built meee have the a features i in common : The st sheet piles j 


gravel ; the cofferdams are acted “upon by one-sided water pressure ; and the 
average (not the maximum) w width of the cofferdams is roughly equal to 0.85 H. 

Since all these cofferdams gave satisfactory service, they constitute useful 
precedents and prototypes. — To apply the experiences incorporated in the 
prototype to the design of cellular cofferdams to be built u nder different 
conditions of foundation and loading, the writer investigated the influence of 

_ several commonly encountered deviations from the prototype on stiffness and 
"stability. _ If these influences are clearly recognized, the dimensions and 
proportions of the prototype can be changed in accordance with the findings. 


No. claim is made that all the conceivable deviations from the prototype ale 
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cellular cofferdams filled with sand. As a matter of fact, cellular cofferdams 
“filled with other soils are rather exceptional, as demonstrated by the 
struction record of the Dravo Corporation and the 
Cellular cofferdams are commonly considered major struetures and the: 
uncertainties | involved in their design are generally recognized. . Hence, it 
goes without i saying that no responsible engineer will consider the design of such 
_cofferdams a routine problem under any except very simple conditions. — Every 
- serap 0 of available information should be utilized ; and every | known theoretical 


= including the stability computation based on the 


-coferdam described by Messrs. ‘Tsagaris, ‘Hedman is an 
standing example. two different approaches lead to different r results, the 


‘more unfavorable one will be accepted 


| Colonel Pennoyer comments on the writer’s assumption that the soil fails — 


t along : a vertical plane and calls the assumption fallacious. He further states: 


What actually happens is that the entire mass of confined soil changes 
shape simultaneously. _ This action can best be described as a universal 


The writer’s of the pr process of failure is essentially identical with that: 
described | by Colonel Pennoyer, and the. equations wv which were derived by the 


writer are merely mathematical expressions of the stress conditions s required 
for producing this failure. Since the 
original explanation of the physical meaning of the | 


not explicit enough to. 


Fig. 34 isa thin through mass of soil 

confined between | two straight rows of sheet piles, _ 

not interconnected by. cross-walls. ‘The soil is 

assumed to adhere to the piles, and the resistance — 

of the sheet piles against bending at ground level _ 

‘in the plane of the drawing i is assumed negligible. — ol 

“As soon as a horizontal force P is applied at an elevation h above t the ground 

‘Surface, the outer row of sheet piles is pulled by a force — S, and the inner — 
Tow is pushed down by the same force S. a The foree S is equal to the 
“overturning 1 moment M = Ph divided by the distance b between the two 
“rows. horizontal force’ produces a change of shape as described by 
Colonel Pennoyer. ~ As soon as the horizontal force exceeds a certain critical 

“value the distortion increases at a constant rate. and the cofferdam fails by 
tilting forward more and more—w hereby the cross section of the dam changes" 
from @ rectangle into a parallelogram with equal. area. Since there are no 
cross-walls, the failure by plastic flow starts simultaneously at every point in 


confined m mass soil. The failure occurs by shear an number > 
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_ as soon as the total shearing force o on any vertical ‘section such as ed becomes 
4 equal to the shearing resistance on this plane; and, according to the laws of 
mechanics, the shearing force is equal to S. 


If the dam shown in Fig. 34 is reinforced by cross-w valls consisting of sheet 
piles, ‘the presence of these walls complicates the process of failure to | some 
extent. Instead of starting at every point at the same time, the e plastic flow 
ede from the neutral plane toward the w alls. However, the laws that 

an Nn the conditions of failure are identical with those cited previously. 
Colonel Pennoyer maintains that, if the coefficient of lock friction of 0.3 ; 


« * * was assumed analogous to the coefficient of friction of steel on 
steel, the statement would seem fallacious. Interlocks of sheet piling are 
at pcs cena * * * with emphasis on reducing the area of contact between 
awe to a minimum * * * There is no relation between the frictional 
 - of two pieces of steel in "what amounts to line contact and the coefi- 
cient of friction of steel on steel times a tension force per unit of length, 


hen no area of contact can be assumed. 


a sal he value of 0.3 assumed _ by the writer really i is nothing more than the 


- coefficient of friction of steel on steel. . According to sources available to the 


riter (40), the coefficient of friction for metal on dry, Tanges from 


0. 15 to 0.20 and for metal on ‘metal, wet, it is 0.30. a To these values may bf 
added the r results of § some t tests performed by the writer who found t that, for 


om on smooth glass, | dry, f ‘equals from 0.20 to 0.22 and that, for steel oD 


the locks or “moist. Tests that a a of. “moisture 
sufficient to’ produce the full “antilubricating” effect of water. Therefor. 


it seemed justified toassumef=03. | 
ss Figs. 35(a) and 35(b) represent two different test arrangements for makin 


test. One involves a surface contact and the other what appears to 
"the unaided eye as a a line contact. Experience has shown that both tet 
arrangements lead to the same result, Even if the two surfaces touch each 
other at what appears to 's to be. e only a point, the result is no — ” othe 
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words, the coefficient of friction, f = FIP, is nine ‘it the area of contact. : 
This is quite generally regarded as one of the fundamental laws of physics. _ 
_ Fig. 35(c) illustrates the influence of the shape of the lock on lock friction. . 
It represents a a section through a fictitious lock. If T is the lock tension per 


me F foot of length, the pressure on the two contact lines nomen equal to 
at — and the friction is F = per foot of length. For a = 45° 


Pr=042T. if a = 0°, the lock friction assumes the smallest value that can 
> TF be obtained without the aid of a lubricant—that is, 0. 3T. . There s¢ seems to be 
no fallacy involved. The computation of the lock friction for the Kentucky 
-cofferdam was made on the basis of a coefficient of friction of 0.3. Considering 
the customary shape of the locks, the value of 0.3 seems to be conservative. ye: 
te Colonel Pennoyer describes an arching phenomenon which he observed in 
1982 on a cellular cofferdam of the diaphragm type, After the sand was 
washed out under the fill of the » cell, the fill was found to arch over the. cavity. 
This observation led Colonel Pennoyer to conclude that arching may quite an 
generally lead to the formation of a “bottom,” or of “bottoms,” in the cell, 
and he discusses the mechanical implications of the he phenomena. -Sinee the 
writer has noticed similar phenomena i in grain and coal bins, he was interested 
in the mechanical prerequisites for such arch formation. Therefore, in 1918, 
he made several experiments involving the pressure conditions in bins filled 
with sand (41). | The bottom of the bin was mounted on a platform s scale. 
_ The side pressure of the sand on the walls of the bin was measured by horizontal ; 


_ friction tapes installed at different depths below the top. The tests were 


| made with both dense and loose sand. ‘The bin was filled while the bottom 7 
was held i in its original position; and, after the bin was filled, both side and 
bottom ‘pressures were measured. ‘The ne next step was to lower the bottom | 
of the bin by increments and to observe the effect of this operation on the 
pressures The test results are illustrated by Fig. 36. The abscissas of the 
curve C, : represent the unit pressure on the side-walls at different depths below 
the top of the bin. . The unit pressure increased steadily be 
from the top down. As soon as the bottom of the bin Ries 4 walt CL 
was allowed to descend, the pressure on the bottom van 
and on the lower part of the side-walls decreased, 
whereas the pressure on the upper part of the side-walls. ae 
remained unchanged. | ‘Finally, the _pressure distribu- 4 
tion on the side-walls became that shown by ¢ curve Co. —_ 
da “At this stage a slight amount of cohesion would have, ae, i 
re is sufficed to keep the sand in the bin without an any cae 
fore, bottom support. This was the action that occurred in ‘ 
the cofferdam cells inspected by Colonel Pennoyer. 
The yield of the bia bottom in the experiment. was 


produced i in nature by the escape of the sand which originally occupied the 7 


Space ‘beneath the fill. However, “under normal conditions the base of of the 
“fill Temains intact ; and, as a consequence, the distribution of the pressure on 


§ the walls of the cells i is shown in Fig. 36 by curve C, and not by wart ae 
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ieee Pennoyer remarks that he will | continue to use the Rankine con- 
version factor | until something better is available. Since the cells of a a cellular 
_— are essentially bins, the. following data may ay be of interest. » In 192) 
the writer deter mined, by small-scale experiments, the ratio between the 
horizontal pressure in done St and and the corresponding vertical pressure. Th 
these tests the friction tape method was used and a value of 0.42 was obtained, 
The Rankine conversion factor for this sand was 0.22 (16). In 1929 direct 
- measurement was made of the pre pressure exerted by loose sand on to the walk! 
s of a a prismatic reinforced concrete container 7 ft high with a base 14 ft by 14 ft. 
The results of the observations | s furnished | a value of 0.405 against a Rankine 
conv ersion factor of 0. 31 (2 5) for the ratio between horizontal and vertical 
pressure. The lateral pressure exerted | by completely submerged glacial till 
with an effective grain size of 0.019 mm was found equal to the sum of the full 


hydrostatic pressure of the water and the lateral pressure of the fill, computed 
on the basis of unit weight and a conversion factor of 0.38 


a the horizontal and the vertical. pressure in sand enclosed in the cells of 

cellular cofferdam than the Rankine conversion factor. 

aa In discussing cofferdams on deep sand strata, Colonel Pennoyer vale te 


own pa paper published i in 1935 (29). Since this paper per had escaped the writer’ 


of 0.4 the Ww riter may be to the veal ratio betwee 


attention , he appreciated the reference and | studied the paper with interest | 
The paper contains empirical values for the required sheet-pile penetration 


as 30% to 40% of the unbalanced hydrostatic head. _ The writer has observei 


that the values in Colonel Pennoyer’s paper are quite generally “accepted i iD 


together w with other information. For water- -bearing sand, the value i is givel 


practice. _ Howe ever, _ he also noticed that blow outs are > quite common, which 


induced him, ¢ about 192 0, to make an inquiry into the cs causes. ae, 


first ‘step was to determine the hydraulic head Tequired to produce 


blow out under a straight | row of sheet piles embedded in perfectly homogeneoti 
sand. ~ Both theory and experiment showed that the blowout does not -o¢ell 


until the hydraulic head approaches a value somew hat less than three time: 
the depth of sheet-pile penetration. _ The grain-size characteristics of the sal 


are irrelevant (16) ; yet. several instances have come to the w riter’s attention 


in which the sand began to boil on the inner side of single sheet-pile ‘cofferdam: 

: at a head which ranged betw een iA and 23 times the ‘depth of sheet-pile pent 

tration. Lazarus W hite, M. . Am. Soc. E. (6), ev en describes a serici! 

blows out in an open cut near the intersection between Canal Street ; and» West 


B csaagat in New York, N. Y. . In this case the depth of sheet-pile eames 


was equal to the full depth of the cut. 


When several records of this nature were assembled, the r reasons for ti 

4 apparent incompatibility betwe een test results and “experience ‘became quite 
plain. A blow out occurs as soon as the e upward “drag” ’ exerted by the wate 

# percolating through the sand along the inner face of the buried part of the 
sheet piles becomes equal to the submerged weight of the sand through whit! 


it percolates. ~The tests were made with perfectly homogeneous sand and th 
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June, 1945 ‘TERZAGHI ON (CELLULAR COFFERDAMS 
theory was » dentinal for similar materials. | However, in nature, sand | strata 
“are never even approximately homogeneous. By theory it on te ‘shown 
)2\ that the drag depends to a a large extent on the variations of the permeability 
of the sand in both horizontal and vertical ‘directions, other factors. being 
equal. _ By properly changing the permeability pattern for a sand adjoining a 
ed. | Tow - of sheet piles, one can regulate the critical head within ve very wide limits. 
| | ‘Hence, it in nature too » the hydraulic head required to produce a blowout at a 
given sheet-pile penetration may vary between wide limits, and the real value 
ft cannot | be ascertained by any practicable procedure before the sheet piles are _ 
ine “driven and an unbalanced head isestablished. = 
ical _—. A second factor that needs to be considered is the effect the seepage pressure 
ti oF upward ‘ ‘drag”’ has on the bearing capacity of the i inner row of sheet piles 
ful - and on the resistance of the sand against a lateral displacement of the buried, 
tel lower part of the piles. Colonel Pennoyer mentions an instance in which 
38 4 single sheet pile, driven 25 ft into o sand, : ‘sustained a load of 47 tons. The 
the in previously mentioned in connection with Mr. | -Greulich’s discussion would 
the - probably have sustained a load of 80 or 100 tons each because they were driven 
reel into hard s and. However, while the water level within the cofferdam w as 
of being low ered 8 ft by pumping, the sand loosened its grip on the piles to such 
an extent that the piles floated out of the sand. Hence, evaluating 
SUP) the bearing c capacity of the sheet piles of the i inner row, the reducing effect of 


ters) the “drag” on the skin friction must be considered. The results of load tests _ 


rest. can be > very misleading. 
/ The mechanical effects ¢ of the “drag” must also be considered in n the compu-. 
tation of the passive resistance of the sand adjoining the inner face of the 7 
buried part of the inner row of sheet piles. Low ering the W ater level adjoining a 
the inner face of the cofferdam reduces this resistance: very considerably a ‘ 


illustrated by _ Fig. 37 © tw 


Wee} 
we 
cofferdam. In Fig. 37(a), the water level is ‘at the same elevation on 
T the ® sides of the sheet-pile enclosure. On this assumption, the passive resistance 
quit of the sand on the right-hand side of the buried part of the sheet piles c can “—- 7 
wate} computed by Rankine’sequation: 
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in which y’ is the submerged unit. weight of the sand. — If t the water level 

within the cofferdam is lowered by | pumping the w: watae dene to the level indi- 

cated in Fig. 37 (b), the sand within the sliding wedge abc is acted upon not only 

by the » simple hydrostatic uplift associated with submergence i in still water but 

also by the seepage pressure or —_ “drag” of the water which percol: ites. 

through the v wedge from below. _ This drag reduces the passive resistance 7 

the sand considerably. The of resistance due 1e to drag ¢ san be estimated 

by the flow-net method (17). Colonel Pennoyer’s: computation of the 

passive re resistance of the sand adjoining the inner face of a sheet- pile cofferdam 

(29), the drag has been disregarded. _ Therefore, the real passive resistance is 

smaller than ‘the indicated by Colonel Pennoyer’ sequations, 
Considering all these facts and the inevitable uncertainties resulting from 

the unknown details of stratification of natural sand layers, the writer ‘felt 

1, compelled to recommend a sheet-pile penetration of 2 H/3 instead of the 


two places Colonel calls the reader’s attention various 
omissions in in the writer’s on breakwaters. ‘The design: of 


4 that there was no incentive for discussing any spre of this aa 
one that had not received attention—the possibility of a failure | 


_ America during a heavy: storm. _ There are so many f failures due to a 


liquefaction | of masses of loose sand ‘on record that. this danger r should noi 

ma Mr. Tsagaris presents a brief review of the watieele poe in the design of 

the cellular cofferdams for the TVA. He points out that the possibility o of a 

failure due to internal shear has received serious consideration, and comment: 
on the writer’s neglect: of the tension contributed by the connecting arcs tv 

the tension in the locks of the main cells. The reason for this omission will f 
_ be given in the writer’s comments on Mr. Hedman’s discussion. q 
Mr. Colburn describes the Kentucky cofferdam, the highest 4 

dam which has ever been built. ¥ His account of the drainage e provision 01 on this 
some of the other TVA -cofferdams deserves special attention. An at 
tempt to. measure the tension in the sheet- pile enclosure of two of the cells of 
Chickamauga cofferdam by strain gages was unsuccessful. The observa- 


-_ tions disclosed a very erratic — of the tensile stresses over the ” 


in . Fig. 38(a) . A box composed of two channels is welded to a egy The eel 
are 2 in. thick a and have a diameter of about 7 in. . They fit into circulst 
holes i in the sheet piles and are seated on the outside of the web of the inne! 
channel. The strain gage chambers project into the box and the ‘cables are 
— installed in the box . The minimum requirement for obtaining fairly 
a results i is the ene three sh sheet piles" with ith five cells each. 
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thei inside a the cofferdam at the junction of the oulieniens with the connecting : 


* feet piles to which cells are attached should not be driven because the 
impact of the hammer is likely to the cells. In order to a 


cell pile’ B in Fig. 


Section M 107 
8-In. Channel 


13.75 Lb per Ft 


T 


1.25 Lb per Ft’ 


an 
“pe 
par. 


1, 


ary 


made of | two pieces. 7? First the low er part be is driven to the required depth 
by means of a follower; then the next pile (unit C) is ‘driven to full depth; 
the upper part of unit B is Pe and finally the section containing the cells 


is s slipped into place. 


The cells register the sum of the earth and the water pressure which acts 
on the face of the cell. _The water T pressure alone is measured independently. 7 
If the fill consists of sand, reliable values « can be obtained by n means of observa- 


tion wells w ith a small diameter. 


Deflection observations on the Kentucky co cofferdam showed that one of the 
celis deflected slightly outward with a rising riv er. This observation | calls 
attention to the fact that the movement of every dam due to a change of weal 


ona relatively unyielding foun 


_ unbalanced head is equal to the difference between two mov ements in opposite. 
directions. If the head i increases, all ll the cells tilt inward with reference to — 
their base on account of the increase in the overturning ‘moment. — . At the — 
same time, the base tilts outward due to the > inerease of the water load on 
the area outside the cofferdam as * the water is retained bya flexible e cofferdam 
ela dation, the inward tilt prevails. On the other 
a fairly on a must be to tilt, 


on a 


— 
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jirly fon. Such an upstream tilt was expected, and subsequently observed, 
ach. mm concrete dam Testing on a thick stratum of clay in northeastern Russia (43). ce i. 
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Before 


cause” a 0. 75% tilt. of and powerhouse in an direction. 
‘Since the turbine shafts had to be installed before the reservoir was filled, 


they w were mounted with a 0. 75% ‘tilt toward the downstream side. — - hie 


the reservoir was being filled for aa first: time, the shafts moved into an almost 


‘The. Kentucky cofferdam rested on a limestone base. lo Hence, the outward 
7 tilt due to a rise of the river level undoubtedly was very small comp: ired with 
the i inward tilt of most of the cells; yet it might have been important enough 
to produce a measurable outward deflection of those cells w hich, for some 
reason, retained their original position with reference to the base. ‘ilies 
Mr. opinion that the reactive of ‘fill i in 


‘Mr. Hedman giv es a detailed account of the methods sed in ‘the design of 
7 - the Kentucky cofferdam. — He remarks that the writer’s statement regarding 
4° 


the effect of seepage on the tension in the locks is contradictory to subsequent 
statements regarding the effect of seepage on sliding resistance. The apparent 
contradiction is.due to the fact that the writer’s first statement was inade- 
quately qualified. Furthermore, Hedman does not agree “that the unit 
weight of the fill in a moist state should be used in n Eq. 3.” This objection i is 
The effect of the air content on the ‘unit of soil 


i oe “This stress was found to be — to 9,500 Ib [per lin i in. +more than 
50% higher than would have been the case if the author’s suggested em- 


pirical formula, Eq. 28f, had been used.” 


‘Then major part of the difference is due to the fact that the TVA computation 
was based on the assumption of complete saturation of the fill in the cells. 
whereas the writer’s equation presupposes fairly ¢ ‘complete drainage. The fill 
in the cells of most or of all the TVA cofferdams was deposited by the hydraulic 
_— mathed during a low -w rater stage. On this condition, Eq. 28f should be modi- 
ich a way to comply Ww “ith the state of full saturation. The 1 modified 
— equation fu furnishes, for the interlock stress in the e main cells, a value of about 
8,120 Ib per lin in. against the value of 7 ,280 lb pe per r lin in. given by Mr. Hedman. 
ie the value of 7,280 Ib per lin in. was added 2,220 lb per lin in - for the 
_ tension contributed by the « connecting areas. This supplementary force was 
computed « on the assumption that the sand pressure on the connecting ares: 
increased like a hy drostatic pressure in direct proportion to depth. Howev ver, 


considering the slenderness ratio of the columns of sand adjoining the con- | 


necting arches, the bin effect must be very important. In 1918 when the: 
writer made his bin tests, he tried to destroy the bin effect by various means. 
— as a the s sides of the container, but he did not succeed. He als? 
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poured the sand ‘into water and afterw ard ‘drained it through the perforated 
bottom of the bin; yet the bin effect persisted. . ~ Hence, it can be counted upon. 
If the bin action is taken into account, the contribution of the connecting 


arches to the tension in the main cells will probably | be found to be rather 
unimportant and w ell Ww ithin the of ¢ error Ww vith estimate of 


“arches is is a delicate detail, and ‘the attention Ww saieh is received i in the: TV A 
- Se Commenting on the effect of a berm on the lock tension in the cross-walls, : 
Mr. Hedman ‘points out correctly that the writer’s statements concerning this : 
effect require qualification. . These s statements are not valid unless the cells. 
are filled while the water level in the river is fairly close to its highest. position. 7 
The influence of the river stage v w hen the cells are filled is strikingly demon- a 
med by the difference between the deflections of the Kentucky cofferdam — —_ 
; which was filled at low water and those of the cofferdams on the west shore of | 
= Hudson River in New York City which w ere filled w hile the water level 
was close to the high-water mark. 


_ Considered as aw hole, the procedure for designing the Kentucky cofferdam, 7 
j as described by Mr. Hedman, i is an outstanding example of sound engineering. 


‘This procedure discloses a thorough | grasp of all the theoretical principles ~ 
‘involved combined with mature judgment, and it deserves the ¢ attention of — 
_ every engineer who faces the problem of designing a cellular cofferdam. _ Ae - 
‘Mr. Ackerman presents a significant résumé of the practical considerations 
that enter into the selection of the typ pe of cellular cofferdams under given 
conditions of foundation and exposure. Attention is called to his remarks on = 
the benefits derived from the use of ‘portable templates. be The writer agrees 
with Mr. Ackerman that it might be preferable to refer to ‘the cellular coffer- 
dams as plastic a and not as composite structures because the reactions of these - 
wep to external forces are decidedly those of plastic materials. a) wat 
_ For comparison, Mr. Packshaw discusses the conditions required for the 
Stability of double- -wall pile cofferdams. The stability ¢ ‘computation 
which he presents conveys a clear conception of the factors that determine 
the stability of these structures. — _ Since, even in the United States, the double-- 
wall type of cofferdam is far more frequently used than the cellular type, — 
his contribution will be welcomed by: many readers. 
_® Mr.  Lautz assumes that the excess of the normal pressure over the Rankine 
7 - preemare on the vertical shear plane or planes is chiefly due to the horizontal 
- load imposed upon the outside of the cofferdam. The bin tests which were 
in the writer’s comments on Colonel Pennoyer's discussion suggest 
that this excess is chiefly due to the fact that the fill is ; deposited within a 
c laterally confined space. According to the results of bin tests, the normal 
pressure on 1 every vertical si section through the cells is cena quater than the 
active Rankine pressure even before horizontal forces have been applied. iar ty 
ag Example 1 in Mr. Lautz’s discussion illustrates the application « of the — 
cellular cofferdam method to the construction of a dock- wall. The cells of 


this \ wall contain soft ‘silt and clay ii in an undisturbed state. dios this state 
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stratum with a ‘liquid limit about 40%, ‘of the weight. 


water content of the clay in its natural state was about 60%. _ Nevertheless, 
the clay contained hair cracks and was decidedly brittle. ‘By kneading, it was 
transformed into » a thick, v viscous liquid ae he rigidity of undisturbed clay 
- combined with a an increase of the lock friction in the cross-walls and the low 
_ intensity of the unbalanced horizontal forces , accounts fc for the absence of 
notice eable deflections. . The cells c of the cofferdam for the intake system in 
Detroit, Mich. (Example 3), also chiefly contained soft clay in an undisturbed 
state. _ However, in contrast to the dock- wall, the cofferdam was acted upon 
by clay and water pressure ‘combined. Hence, in spite of its am mople 


‘it required supplementary ‘support 
Mr. Miller’s discussion ranks : among the n most noteworthy contributions to 
this subject because it is based on extensive and varied experience in the design 
and construction of cellular cofferdams . Mr. Miller takes exception to the 
_ writer’ s statement concerning the influence of the outer row of sheet piles on 
the percolation of water through cells filled with clay or other soils with a low 
permeability This influence has _ been the topic of several good-natured 
verbal controversies betw een Mr. Miller and the writer with the result tha 
both parties remained u utterly “unconverted. The writer’ arguments i in favor 
his thesis appear in ‘Part I. Practical Considerations” under the heading. 
: “Permeability of Cellular Cofferdams and of Their Sheet-Pile Enclosures.” 
i Mr. Miller’s confidence in the efficacy of weep holes is somewhat at variance 
_ with the results of the observations of the TVA engineers described in the | : 
discussions of Messrs. Tsagaris, Colburn, and Hedman. 
Legget comments on n the writer’ mildly skeptical remark: 
regarding the practical value of laboratory | tests in connection with the design a 
the cellular cofferdams. . The principal benefit to be derived from these t tests is 
x that they give the engineer a firsthand know ledge of the character and the 


properties of the materials involved in the design. benefits derived from 


knowledge are important enough to justify a considerable amount 

the course of his discussion, Professor Legget requests an amplification 
of the writer’ s comparison of cellular. cofferdams with structures made of 
‘composite materials. WwW hen making this comparison, the writer merely wished — 
to emphasize that the distribution of the external forces acting on the twe 
constituents of the dam—the steel and the soil—is governed by the stress- 


deformation characteristics of involved. The analogy 
Commenting on lock friction, Professor presents list of all those 
variables which are likely to influence the friction value, and he raises the 
“question a as to whether or not reliable values could be obtained by experiments. 
methods. In the writer’s opinion, the lock friction can be resolved into two 
parts. One part is determined by the coefficient of friction of metal on mets 
and by the orientation of the surfaces of contact with reference to the direc tion 


of | the pull. . It has been referred to as the basic part | of the friction. . The 
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second part is caused by the effect of one of several of the factors enumerated — 
by Professor Legget. Mt: AML these factors tend to increase the lock friction tosome 
extent. Hence, the basic value determines the lower limit for the lock friction. 
The writer estimated that the basic value for the coefficient of lock friction is 


(see Fi Ig. 35(c)). ‘he data and considerations which led to this value are 


ited previously i in . the writer’ r’s comments on Colonel Pennoyer’s discussion. " 
A more accurate basic value | could” be obtained by friction tests with 


tre 

specimens cut out of new steel shee piles. Some information on the differenc 


between the real and the basic values of the lock friction for the buried part 
of sheet-pile enclosures could be obtained by friction tests on ‘specimens: cut 
from sheet piles after they have been pulled. To preserve the state of contami- 


- * nation of the lock with soil particles, two sheet piles should be clamped together 

o F) securely and pulled in a single operation. When cutting the: test specimen from 

. the pair, special precautions should be taken to prevent a slippage in the 

no Professor  Legget also raises the question as as to how much reliance can be -_ 
7" -— on the lock friction in straight rows of sheet piles composed of deep 

arch sheet piling. In such rows, the tension in the locks is at least theoretically 

+ Fe equal to zero. Hence, the basic value for the lock friction is also equal to’ 

zero and the resistance against slippage in in the locks is entirely due to those 
. factors which produce lock friction in excess of the basic value i in the driven a 7 
> part of the sheet- -pile enclosures of cellular cofferdams. Nevertheless, in 
i Germany the manufacturers of deep arch sheet piling with locks in the neutral 

~ _ plane claimed that the weakening effects of the lock can be disregarded, and 
— — the moments of resistance contained in their catalogs were computed onthe 
assumption that the locks do not exist. In design practice, it was customary : 
mn fa to distinguish betw een the sheet piles driven into sand and those driven into 

‘= gg clay. For sheet piles i in n sand, it was considered safe to ignore the | presence . of 

the locks, whereas the e moment of resistance of sheet piles i in ¢ clay was reduced 
one third of the value obtained for jointless piling. The writer has never 

i had much confidence in this procedure; yet it is conceivable that the mere 

process of driving sheet piles into the soil may create various sources of con- 
siderable friction. Henee, if in those parts of the steel skin of a cellular coffer- 
o Ps dam which is located below the original ground surface or dredging line, the 

ad 4 lock friction | may be greater than the basic value. _ 

o rofessor Krynine furnishes convincing proof that sl shear failure on vertical 

is inev itably | preceded by, and associated w ith, ¢ a considerable increase 

the normal pressure on these planes. Att the instant of failure tl the normal 

- pressure is much higher than the value computed on the basis of the Rankine 

conversion factor tant (4 45, -¢) This to 
| 1 clarification of the theoretical i issues involved in the cofferdam problem. The 

is used ” the argument serves its 
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OL ££ f0essor Krynine also calls attention to the possibility of a tailure along 
he Shear planes other than vertical ones. However, the writer doubts whether 


'TERZAGHI ON CELLULAR COFFERDA 


as s indicated in n Fig. -26(b). and in Fig. orientation of major 

principal stress would be associated with a distortion . of the body abed in 

39(a) into the shape a:bied. deformation of this kind involves an 

outward tilt which ‘is incompatible with the nature of the problem. To 


"Major Principle 
Stress atO 


1c. 39 


account tee the inward tilt of the ce cells, it is necessary to as assign the =| 


"indicated i in Fig. 39(b) to the shear planes. . One set of shear planes is vertical 


whereas the other slopes at an angle a tow ard the inside of the cells. Failure 


7 estimating ini, it s seems justifiable to wine the factor of safety with 
respect to failure by» iene shear on the basis of the stress conditions on 
vertical planes; 
Mr. Polivka Canndinen the small-scale model tests made preliminary to the 
design of a cellular cofferdam in the Kaiser —— at Richmond, Calif. 
model cells were no more than 6 in. high. They y consisted | cylinders 


internal shear, because the walls were of distortion 


of tests on such ‘calls casinot with the author’s 


general bin theory, Mr. Polivka assigned a value of 26°30’ to the angle of 
internal friction « ¢ of the sand and a value of K = 1 to the ratio between the 
horizontal and — vertical pressure in the sand. The value of « d : appears to 
be rather low. : Reliable values can be obtained only by an appropriate shear 
box” apparatus or a triaxial « compression device. _ ‘The: smallest value that was 

- ever obtained by either one of these devices ranges from 27° to 28° 30’ (44) (45). 


. The tests were made on Ottawa , standard sand—a very uniform sand ¢ consisting 


In his mathematical interpr pretation a the test results on the biele of a | 


of almost perfectly spherical quartz grains with a smooth surface. The normal 


values for loose sand | range between 32° and 34°. The value was 


derived from. trap- -~door experiments s and is not applicable to the case under 
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‘ti. The experimental values obtained from bin tests are mentioned 
- previously i in the writer’s comments on Colonel Pennoyer’ s discussion. - ‘They 
are approximately equal to 0. 
~~ To establish an equation for the resistance of the model cells against shear 
along vertical ‘Sections, Mr. ‘Polivka introduced a value of f= 1 into Eq. 17. 
‘This does not seem a petuninsible, because the e equation thus obtained applies | to 
walls with locks, if the coefficient of lock friction is equal to unity. Ifthe walls" 
are continuous eds as is the case for model cells), Eq. 17 cannot be used. | 
7 a In the last part of his discussion Mr. Polivka describes the practical impli- 
cations of making the walls of cellular cofferdams of arch-web sheet piles such 
; as the Carnegie M112 and M113 sheet piles and their equivalents. \. Ine coffer- 
dams local stressing of the steel beyond th the yield point can scarcely be con- 
‘sidered a failure. 7 However, the excessive increase of the diameter of the 
; ~ cells which results from the low value of the “equivalent m modulus of elasticity,” 
of arch-web sheet. piles i is a very undesirable feature. Since it involves an 
important lateral stretching of the ‘fill i in the cells, it is associated with an 
equally important decrease of the horizontal pressure in the fill, which in turn 
_ reduces the lock friction in the cross-walls and the resistance of the fill against 
deformation. Hence, the w riter agrees with Mr. Polivka that the straight- 


web sections are preferable. 
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